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concept based on a variety of scientific disciplines (e.g., engineering, economics, 
environmental sciences, social sciences). Nevertheless, the interconnections and 
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theoretical links of CE and sustainability at different scales and levels, to investigate 
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and technologies. Thus, the book series provides a new platform for CE and 
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Foreword 


We need an economic system based on the insight that the Earth is a closed system. 
In a closed system with defined boundaries, materials, just like space, must be 
considered as limited and treated as such. They should be used accordingly in 
such a manner that their availability is not limited to one single, temporary applica- 
tion but allows them to circulate in our systems indefinitely. 

This insight is of particular relevance for the architecture, engineering, and 
construction sectors, which, according to the UNEP Global Status Report for 
Building and Construction, account for 40-50% of material consumption of our 
global economy and 37% of greenhouse gas emissions. Without decisive action, the 
severe pressure on resources caused by the construction industry will only aggravate. 
According to the International Institute for Sustainable Development, roughly half of 
the building stock needed by 2060 has yet to be built while several critical bound- 
aries of our planetary system have already been surpassed. 

For all these reasons, we need a new circular building culture in which we design, 
develop, build, and rebuild in such a way that “limited-edition” materials are 
available indefinitely and resources are used responsibly. Buildings need to be 
conceived as documented and deconstructible material depots, from which, after 
their useful life, all materials can be recovered for future (building) projects. In 
addition, we need to reduce our consumption by applying strategies to use fewer 
materials and resources, and use materials longer. In short, we need to narrow, slow, 
close, and regenerate our material loops, as the authors of this book articulate. 

Yet the complexity of the building process, the fragmentation of the construction 
value chain, the variety of actors involved, and the long-time horizon of building 
projects are factors that make the realisation of circularity in the built environment 
particularly challenging. We therefore urgently need new knowledge and tools that 
allow us to navigate and, more importantly, shape this highly complex environment 
in new ways. Data and digitalisation can provide us with exactly these new tools and 
bring transparency into the building process by bridging the information and knowl- 
edge gaps that exist between disciplines, processes and time. 
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This publication, for the first time, connects and describes the many digital 
innovations which can drive circularity in the built environment. Its authors come 
from a global community of scientists and entrepreneurs who are at the forefront of 
shaping a new building paradigm. 

In this book, a groundbreaking vision for the future of the built environment 
emerges, fueled by cutting-edge technologies that offer new possibilities for circu- 
lar and regenerative design and construction. This book evokes a vision for a new era 
of the built environment in which geographical data will enable us to place our 
building structures and activities more responsibly in the wider context of a place or 
city; a vision where AI-informed computational design tools will support architects 
in creating fully circular structures that require less material for construction, can be 
maintained and adapted during their useful life, and can be easily deconstructed once 
they reached their expiration date. Additive manufacturing and robotics will bring 
new possibilities for realising and decomposing these circular structures, while 
maintenance and material management will be supported by blockchain-enhanced 
digital twins and material passports. All these new tools will need to converge into 
one integrated digital ecosystem whereby, as Alexander Koutamanis formulates in 
this book, “information should be treated not as a product of integration but as the 
integrator of all activities.” 

New tools alone will not be enough to bring the urgently needed transformation 
of our system. We also need a new consciousness for the consequences of our 
actions. We seem to be far from Jean-Jacques Rousseau’s remark (from his 1754 
essay “On the Origin of the Inequality of Mankind”) that “the fruits of the earth 
belong to all, but the earth to none.” We need to develop a new building culture that, 
among other things, will reconcile the health of our planetary system and the 
interests of future generations with the temporary needs of people, society, and 
businesses. Digitalisation in the many areas of the built environment as described in 
this book has the potential not only to see new buildings via augmented reality but to 
shape a circular built environment through an augmented consciousness. 


Co-founder of Turntoo Sabine Oberhuber 
The Netherlands 


Architect, Founder of RAU, Turntoo, Madaster Thomas Rau 
The Netherlands 


Sabine Oberhuber is one of the first pioneers of the circular economy and co-founder of Turntoo, 
the first company in the Netherlands focusing on the transition to a circular economy. She has 
developed some of the first business models and strategies for circularity and has helped shape the 
thinking about the transition to a circular economy. Turntoo works with leading companies and 
public bodies to develop circular business models and processes to reduce or eliminate material 
waste, realising breakthrough concepts such as Light as a Service, in cooperation with Philips. 
Turntoo also assists municipalities with circular city strategies and area development. 
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Thomas Rau is an architect, entrepreneur, innovator and founder of RAU, Turntoo and Madaster. 
The architectural firm RAU has developed innovative concepts and set the tone in the field of 
environmentally conscious, climate-neutral and energy-efficient building at an early stage. RAU is 
now the undisputed authority in the Netherlands on plus-energy building and circular value creation 
in architecture. Thomas Rau was nominated for the Circular Economy leadership Award of the 
World Economic Forum and received the Circular Hero Award by the Dutch Ministry of 
Infrastructure. 


In 2016, Thomas Rau and Sabine Oberhuber published the best-selling book Material Matters, in 
which they describe the critical building blocks for achieving a circular economy. In 2016, they 
initiated Madaster, the cadastre for materials. Madaster is active in eight countries and considered as 
the leading solution for creating and registering material passports for the built environment. For its 
potential for systemic change, Madaster won the Digital Top 50 Award for Social Impact which is 
awarded by Google, McKinsey and Rocket Internet. 


Acknowledgements 


We would like to extend our heartfelt gratitude to all those who have immensely 
contributed to the quality of this book. Their valuable insights and expertise have 
enriched our understanding and presentation of the subject matter. We are grateful to 
the authors for delivering excellent and thought-provoking chapters and perspec- 
tives. We are tremendously grateful to Jennifer Bartmess for her invaluable expertise 
and dedication while reviewing and copyediting the chapters. We would also like to 
thank the anonymous reviewers who participated in the blind peer-review process 
for their careful evaluation and thoughtful comments. Our sincerest appreciation 
goes to our team members who provided feedback on the technologies discussed in 
this book. Additionally, we would like to thank our families and friends for their 
unwavering support. Finally, we express our gratitude to the readers of this book. It 
is our sincere hope that this work helps them navigate through the emerging field of a 
circular built environment in the digital age and that this knowledge will contribute 
to a regenerative future. 

Open access of this book was made possible with the financial support from the 
TU Delft Open Access Fund, the Maastricht University Library’s Open Access Book 
Fund, the Swiss National Science Foundation (SNSF) Project Fund under grant 
agreement No 200021E_ 215311, and the European Union’s Horizon 2020’s 
European research Council (ERC) funding scheme under grant agreement No 
850159 (project Circular X). 


Introduction 


“The ability of technological advancement to do more and more with less and less until 
eventually you can do everything with nothing.” 
R. Buckminster Fuller in Nine Chains to the Moon 


By 2050, two-thirds of the world’s population will be living in cities, and by 2030, 
three billion people will need new housing (UN Habitat 2023). As a growing sector, 
especially due to increasing urbanisation and the need for new housing, the archi- 
tecture, engineering, and construction (AEC) industry is responsible for depleting 
resources, generating waste, and emitting greenhouse gases at a tremendous scale 
and speed. Construction and demolition processes are highly resource-intensive, 
accounting for more than 40% of the total raw materials extracted worldwide and 
generating over 35% of total waste — additionally, the building sector is responsible 
for approximately 39% of global energy-related greenhouse gas emissions (Schroér 
2011; Allwood et al. 2011; Yuan et al. 2012; Di Maria et al. 2018; Abergel et al. 
2019; Eurostat 2020; and summarised by Cetin et al. 2021). The industry’s linear 
model of production is at the core of the problem: resources are extracted, buildings 
are used, and then materials are disposed of when a building is no longer needed. If 
we continue this linear model to meet the unprecedented and growing demand for 
constructing new buildings, we will deplete the Earth’s resources and pave the way 
for an even greater climate catastrophe. 

Industry 5.0 technologies and circular economy principles hold untapped poten- 
tial for achieving a sustainable built environment. This book aims to address the 
urgent need for a sustainable built environment by leveraging this potential. Industry 
5.0 is focused on creating a sustainable, human-centric, and resilient future using 
advanced technologies. While many industries have already begun implementing 
circular economy principles through digitalisation, the AEC industry is lagging 
behind. 

To address the challenges the construction industry faces, we can apply circular 
economy strategies, such as service life enhancement of materials, rehabilitation, 
dis- and reassembly, design for reuse, and implementation of regenerative design. 
The goal is to make the built environment part of the solution rather than part of the 
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problem. We must urgently shift from a linear take-make-waste model to a circular 
one in which we use resources wisely and prevent them from becoming waste. 
Adopting digital innovation is crucial to achieving this paradigm shift, but currently 
there is a lack of understanding of the potential synergies between the circular 
economy and digital transitions. This “twin transition” could be leveraged to tackle 
the unprecedented challenges facing the industry. This book highlights the impor- 
tance of these synergies and explores how digital technology can help accelerate the 
circular transition of the built environment. 

But first, what is a circular model? The circular economy has become a popular 
concept among scholars, NGOs, business professionals, and policymakers to address 
issues of sustainable development (Geissdoerfer et al. 2017; Kirchherr et al. 2017). 
The concept has evolved through the work of designers and architects such as 
McDonough and Braungart (2002), who coined the cradle-to-cradle concept, 
Benyus (1997), who led the work on Biomimicry and designing according to 
nature’s principles, and Stahel (2010), who advocated new business models focused 
on performance and services rather than mere product sales. Policies focused on 
waste reduction, pollution prevention, and resource efficiency have existed in many 
parts of the world for decades but have only recently culminated in circular economy 
policies with the opportunity to create a broader more comprehensive framework to 
address resource issues (Bocken et al. 2017). Yet as several organisations, regions, 
and countries across the globe are increasingly bringing circular economy explicitly 
into their visions, goals, and policies, it has become an important concept to help 
transfer thinking about the future of the society, economy, and sustainable 
innovation. 

In this book, we regard the circular economy as an important lever to support 
sustainable development and secure the resources to sustain our current and future 
generations by minimising the resource inputs and waste, emissions, and energy 
leakage of products over time (Bocken et al. 2021). This may be achieved through 
four distinct resource strategies (see Çetin et al. 2021; Konietzko et al. 2020): 


e Narrowing the loop: using fewer resources through increased efficiency in the 
production and design process 

e Slowing the loop: using and consuming less by extending product lifespans, and 
avoiding unnecessary consumption 

e Closing the loop: reusing materials or resource-efficient post-consumer recycling 

e Regenerating the loop: focusing on leaving the environment (and society) in a 
better state than before 


Clarifying the relevance of a circular model brings us to a second question: how is 
digital technology relevant? There are many opportunities to combine digital with 
circular principles in existing buildings, new buildings, and even demolition projects 
(Cetin et al. 2021). Digitalisation can solve practical challenges related to material 
scarcity and carbon emissions reductions. Digital technologies could also help with 
de- and re-constructing buildings more quickly, economically, and intelligently. For 
example, we can use the advances we have seen in recent years in digital fabrication 
to start a digital de-fabrication design approach, augmented by other digital inno- 
vations (such as matchmaking algorithms, extended reality, blockchain, etc.). This 
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would disrupt the current construction sector’s value chain and reverse the current 
architectural design approach towards de- and re-fabrication for effectively reusing 
building materials. Digital transformation holds great potential for helping the 
transition to a circular economy. 

Emergent digital innovations make this a timely topic. Digital technologies — 
from building information modelling (BIM) software to Internet of Things (IoT) 
sensors, artificial intelligence (AI) algorithms, blockchain technology, or digital 
fabrication technologies — can help architects, engineers, and construction profes- 
sionals optimise design, construction, monitoring, decision-making, maintenance, 
and performance of building systems to improve efficiency and reuse, reduce waste, 
and even provide safer working conditions. 

This book addresses the pressing need for a comprehensive overview of the 
technologies that are most relevant to the circular building industry and how they 
can be used to achieve circularity goals. Each chapter focuses on a particular digital 
technology and its application for the circular economy, providing at least one 
practical example and discussing potential future developments. Leading experts 
in the field of digitalisation and circular economy offer their insights into how 
emerging digital technologies can be used to address circular economy strategies 
in the built environment. 

The book is divided into three distinct parts, each with a unique focus, for a more 

in-depth exploration of each technology and its application, as well as a clear 
framework for understanding how these technologies can work together to drive 
the circular economy transition. 
Part I explores the role of data, with topics including digital representation (BIM and 
digital twins), geographic information systems (GIS), scanning technologies and 
reality capture, AI, machine learning, and material passports in enabling digital 
innovation for circularity. Part II delves into design and fabrication, covering 
technologies such as computational tools, additive manufacturing and robotic fabri- 
cation, and extended reality. Part III examines business, management, and gover- 
nance, exploring topics such as reverse logistics, blockchain technology, digital 
logbooks, circular business models, and regeneration. 

Finally, the book concludes with a discussion of how these digital tools can be 
combined to create practical, economic, and policy-driven solutions to drive the twin 
transition of shifting to a circular economy and digital transformation in the built 
environment. By presenting a comprehensive exploration of these technologies and 
their potential applications, this book aims to inspire and accelerate the knowledge 
needed to drive the circular economy transition. 


Catherine De Wolf 
Sultan Çetin 
Nancy Bocken 
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Introductory Perspective 


For a long time, the built environment was mostly based on natural ‘zero carbon’ 
materials, such as dimension stone (Roman aqueducts), clay (houses in Saana), 
backed clay (bricks), plants (trees and bamboo), materials which decay without 
harm to Nature, or become food for other organisms — bacteria, insects, worms — 
at the end of their use. The industrial revolution in the UK mass-produced iron, steel, 
and cement, extending society’s limits beyond natural materials into a high-carbon 
material domain. 

A notable symbol of the beginnings of the industrial revolution is the Iron Bridge, 
built in 1779. This remarkable monument stands as a testament to where the 
Industrial Revolution originated and dominates the small town that shares its 
name. The first known instance of mass steel production is credited to China in the 
third century AD. They employed techniques similar to what is now known as the 
Bessemer Process, which later enabled bulk steel production. In 1855, Henry 
Bessemer obtained British patents for a pneumatic steelmaking process, using blasts 
of air to remove impurities from molten steel. In 1824, Joseph Aspdin of Leeds, 
Yorkshire, England, secured a patent for a material produced from a synthetic 
mixture of limestone and clay, which came to be known as cement. 

Today, the construction industry is the biggest consumer of material resources as 
well as a major polluter. Cement and steel are the backbones of infrastructure and 
buildings. Cement production creates 2.3 billion tonnes of carbon dioxide per year, 
while iron and steel production releases some 2.6 billion tonnes — 6.5% and 7.0% of 
global CO, equivalent emissions, respectively (Fennell et al. 2022). Their future will 
depend on public policies of environmental protection, market supplies of natural 
resources, and the availability of landfills. 

In the twentieth century, steel-reinforced concrete and steel structures were 
increasingly used, together with technical progress in industrialised building 
methods and new materials: plastic for pipes and cables, chemicals for joints and 
insulation. 
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xvi Introductory Perspective 


In the late 1960s, when I studied architecture and urban planning at ETH Zurich, 
our focus was on design and engineering issues, building regulations and zoning 
laws. The World population was 2.5 billion people, partly living in big cities of the 
Northern hemisphere, New York, London, Tokyo, Moscow, and Paris. The Digital 
Age consisted of computation centres where big machines were fed by punch cards. 
Neil Alden Armstrong had just set foot on the Moon, using computers with 128-bit 
chip technology. In 1950, Eduard Stiefel at ETH rented the Zuse Z4, a relay 
computer developed in Germany by Konrad Zuse, making it the world’s first 
commercial digital computer. The Z4 was the first computer at a continental 
European university, it remained at ETH Zurich for 4 years. 

In the twenty-first century, the Digital Age introduced CAD, digital twins, 
Internet of Things, and ‘speaking’ elevators mainly in industrialised regions, 
which enabled more efficient construction methods but also created digital outcasts 
in the population. 

Today, eight billion people live on our planet. China, India, and Africa are with 
over one billion people, with Africa having the fastest population growth. Major 
cities are on both sides of the equator: Tokyo, Jakarta, Chongqing, Delhi, Shanghai, 
Seoul, Mumbai, Manila, New York City, Sao Paolo, Beijing, and Mexico City. 
Concrete is the second-most-consumed product on the planet, after clean water: 
world production of cement is 530 kg per person per year, and of steel, 240 kg (but 
only part of which goes into the built environment). Changes to building codes and 
in the education of architects, engineers, and contractors could reduce demand for 
cement and steel by only 26%, according to the International Energy Agency 
(IEA 2019). 

The objective of the Circular Economy is “doing more with less over longer 
periods” by maintaining the value, purity, and utility of stocks (of natural, human, 
cultural, financial, and manufactured objects and materials), with a focus on the 
sustainable use of these stocks. In other words, the Circular Economy is about the 
design and construction as well as the use phase, the smart operation, and mainte- 
nance of the built environment. A circular economy in construction is also a solution 
towards the environmental impacts of buildings. 

The Digital Age can contribute to increasing the efficiency of building and 
construction activity and support the standardisation of materials and dimensions 
to facilitate the efficient reuse of components and material resources (urban mining). 
But remember that in industrialised regions, the annual volume of new construction 
is only about 2% of the stock volume! 

Therefore, the biggest contribution of the Digital Age will be in improving the 
sustainable use of the stocks of infrastructure and buildings by extending their 
service lives and improving their operation and maintenance phase — the heart of 
the Circular Economy. 


Walter R. Stahel 
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Part I 
Data 


Chapter 1 
From Building Information Modelling gai 
to Digital Twins: Digital Representation 

for a Circular Economy 


Alexander Koutamanis 


Abstract Building information modelling (BIM) has ushered in the era of symbolic 
building representation: building elements and spaces are described not by graphical 
elements but by discrete symbols, each with properties and relations that explicitly 
integrate all information. Digital twinning promises even more: a digital replica in 
complete sync with the building and its behaviour. Such technologies have obvious 
appeal for circularity because they accommodate the rich information it requires and 
link circularity goals to other activities in AECO (architecture, engineering, con- 
struction and operation of buildings). 

Present implementations of BIM may fall short of the promise, and digital 
twinning may be hard to achieve, but they remain crucial not only for circularity 
but for all AECO disciplines. To realise the potential of such representations, 
information should be treated not as a product of integration but as the integrator 
of all activities. Similarly, digitalisation should be at the core of business models and 
deployment plans, not an additional or even optional layer at a high cost. This calls 
for a coherent approach that includes the full capture of building information, 
supports the detailed exploration of circular operations, uses the results to constrain 
decisions and actions and does so throughout the life cycle. 


Keywords Information - Digitalisation - Representation - Building information 
modelling (BIM) - Digital twinning 


1.1 Building Information Modelling and Digital Twinning 


Rhetoric has three modes of persuasion: pathos, ethos and logos. Circularity is 
derived from pathos: appeals to emotions and ideals, expressing beliefs about the 
environment and materiality. It is reinforced by ethos: arguments from authorities 
and other credible sources, such as scientists and industry leaders. When it comes to 
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implementing circularity, however, it is the logos that matters most: the reasoning 
that underlies business models, material flow calculations, feasibility assessments, 
implementation requirements, deployment plans, etc. Information is the basic 
resource for making such analyses and projections reliable and transparent: valid, 
meaningful data that describe past and future states of the world, providing input to 
and accommodating output from decision processes. 

This chapter focuses on the critical, fundamental role of information in the 
context of circularity. It explains the two most relevant general-purpose technolo- 
gies, building information modelling (BIM) and digital twinning, and links them to 
passports and logbooks proposed specifically for circularity. It then moves on to 
current and proposed uses of the technologies in AECO (architecture, engineering, 
construction and operation of buildings), including with respect to circularity, and 
concludes with guidelines for developing circularity business models and practical 
applications. 


1.1.1 BIM 


BIM is a frequently misrepresented and therefore misunderstood technology. Many 
poor definitions describe not the phenomenon itself but its applications and effects 
(Sacks et al. 2018), often from the perspective of existing analogue practices. The 
production of drawings and other conventional documents to incrementally improve 
efficiency or reduce errors takes up a disproportionate amount of the BIM literature 
but does not explain how BIM is structured and how its structure helps to achieve 
certain objectives. Instead, it makes BIM appear as a mere step in AECO 
computerisation. The truth is more revolutionary: BIM marks the transition to 
symbolic representation (Koutamanis 2022). While earlier technologies like 
computer-aided design (CAD) focused on the graphic implementation mechanisms 
of building representations, BIM makes explicit the symbols described by these 
mechanisms. 

Symbolic representation is already the norm in many computer applications. In a 
digital text, the capital ‘A’ is not a group of three strokes, as in handwriting, but the 
Unicode symbol U+0041, explicitly entered through a keyboard and stored as such, 
regardless of how it appears on the screen. Any change to the symbol does not come 
from changing the three strokes but from changing the properties of the symbol 
(e.g. a different font or size) or switching to a different symbol (e.g. U+1D434 for the 
mathematical capital ‘A’). Symbolic representation underlies a lot of machine 
intelligence. In digital texts, knowing each letter allows computers to recognise 
words and sentences and subsequently understand grammar and syntax. 

Similarly, in BIM, a window is not the group of line segments one sees in a 
graphic view like a floor plan but a symbol explicitly entered in a specific location of 
a wall. One can reposition the window in the wall, but changing its type or even its 
size may require switching to a different symbol. The interfaces of BIM software 
tend to depart from facsimiles of analogue drawing, which confuse users into 
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Fig. 1.1 Symbols, properties and connections 


thinking that they are drawing and obscure the symbolic structure of the model. We 
should think of BIM models not as 2D or 3D drawings with additional data but as 
graphs of interconnected symbols. In fact, connections are between specific symbol 
properties (Fig. 1.1): the co-termination of two walls links the endpoints of their 
axes, while the orientation of a wall is inherited by the windows it hosts. 

External constraints, such as the maximum height of a roof in planning regula- 
tions, are also linked to relevant symbol properties, while other constraints affect 
relations between two symbols, such as when windows are not allowed in certain 
wall parts. As a result, all primary information resides in the properties and relations 
of the symbols in a model. This allows for the derivation of further information 
through functions, e.g. calculations of fire resistance on the basis of the material 
composition of a building component. It also supports the production of various 
views of the model, including conventional drawings. As for machine intelligence, 
the potential is already evident in the behaviours of symbols: a window sticks to the 
hosting wall, and the shape of a room follows the bounding building elements. 

Integration, a key selling point of BIM, comes from this symbolic structure. With 
all information residing in symbols, there are no multiple representations from 
different disciplines that must be combined to obtain a full description. Instead, all 
actors have access to different symbols, properties and relations in a model, in 
adjustable worksets that give them specific rights and responsibilities. This integra- 
tion of information and its dynamic relation to authorship and custodianship also 
mean that information processing and AECO activities can be accommodated in 
BIM. The same holds for continuity through phases and stages: a symbolic repre- 
sentation can contain the entire history of a building. 
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BIM is often called ‘object-oriented’. This is misleading because the term has a 
different meaning in computer science but also because we should not equate 
symbols with real things. In English, the letter ‘a’ corresponds to five different 
sounds (phonemes). Knowing how to pronounce the letter depends on the context 
(the word). When considering representations in building, the correspondence 
between symbols and things can be even fuzzier. A window may be considered a 
discrete component, but a wall is an assemblage with variable composition and 
indeterminate form. Its material layers often continue into other walls, forming 
construction networks that are not captured by wall symbols in BIM. A main reason 
for this is geometric bias: continuous walls are segmented into separate symbols by 
the geometry of their axes. 

Despite such fuzziness and resulting ambiguities, the symbolic representation 
underlying BIM remains the obvious choice for AECO computerisation, with a 
potential similar to that of the Latin alphabet or the Hindu-Arabic numerals. The 
graph of symbols and their relations is a transparent, consistent and efficient foun- 
dation for any application. The capacity for integration and continuity means that 
information efforts can be consolidated into a single representation that caters for all 
aspects, goals and disciplines. 


1.1.2 Digital Twinning 


While the use of BIM has yet to reach a satisfactory level or achieve significant 
efficiencies, AECO has already adopted a new buzzword: digital twinning. In 
contrast to BIM, digital twinning has yet to consolidate into a recognisable technol- 
ogy. Quite frequently, any virtual model seems to qualify as a digital twin, purely on 
the basis of intent. However, a digital twin is more than a model: it is a digital replica 
of something physical. It describes the form, behaviour and performance of the 
thing, including uses, users and direct context — all that is required for precise and 
accurate analyses and forecasts of future states of the physical twin. 

Information in a digital twin is dynamic and reciprocal: sensors in the physical 
twin that monitor temperature, light, sound, occupancy, vibration, etc., send their 
data to the digital twin, where they become attached to relevant properties of the 
appropriate symbols. The products of the digital twin travel in the reverse direction, 
guiding actuators in operational adaptations, e.g. the functioning of heating systems, 
and informing users through displays (Fig. 1.2). In other words, the twins are 
connected in both directions in near real time and are capable of communication 
and synchronisation (Chen 2017; Liu et al. 2018). Consequently, we can distinguish 
between representations (static models, as in BIM), shadows (representations which 
are updated by data from the physical things) and twins (full two-way synchronisa- 
tion) (Fuller et al. 2020; Sepasgozar 2021). 

Digital twins of buildings are invariably based on BIM (Boje et al. 2020; Sacks 
et al. 2020; Begićžnd Gali¢22021; Mêda et al. 2021; Shahat et al. 2021; Tagliabue 
et al. 2021; Alibrandi 2022; Shaharuddin et al. 2022). At the same time, it is stressed 
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that digital twinning is more than BIM, as it includes sociotechnical and process 
aspects, especially in use (Boje et al. 2020; Davila Delgado and Oyedele 2021; 
Sepasgozar 2021). This makes it significantly more demanding than as-built BIM in 
terms of reliability, precision and completeness. Furthermore, it is questionable 
whether BIM can accommodate and process the big data produced by sensors in 
the built environment. Rather than a foundation, BIM is a predecessor to digital 
twinning, based on the same symbolic approach to representation (Boje et al. 2020; 
Koutamanis et al. 2021). 

More than on BIM, digital twinning relies on the Internet of Things (IoT): the 
networks that connect sensors, actuators and displays in a building, making it 
‘smart’, i.e. automating certain operations, such as opening doors and regulating 
ventilation systems. In addition to such local automation, the IoT also collects data 
from all sources to capture the history and the overall conditions in a building. This 
improves local operations by connecting them to global goals and constraints. The 
IoT is not just an enabler but a necessity because digital twinning presupposes a 
building heavily populated by IoT for bidirectional communication and synchroni- 
sation, including feedback to users and operators (Farsi et al. 2020; Fuller et al. 2020; 
Lu et al. 2020; Sepasgozar 2021). The collection of data for digital twinning could be 
much more extensive than in most smart buildings, resulting in a lack of suitable 
physical twins and possibly rendering digital twinning a pipe dream. Alternatively, 
one could tolerate low-fidelity solutions as early deployment stages and encourage 
incremental development (Méda et al. 2021). However, experience with BIM matu- 
rity levels suggests that such tolerance is self-defeating because it provides alibis for 
not taking the trouble to use the technology properly while continuing processes that 
actually undermine it. The degree of validation and verification required in digital 
twinning makes any attempt to pass off static models as twins as misguided as 
calling 2D drawings BIM. 


8 A. Koutamanis 
1.1.3 Passports and Logbooks 


BIM and digital twinning are general-purpose technologies. There are also stand- 
alone information technologies specifically developed for circularity in AECO. 
These are referred to by terms such as building or material passport or logbook. 
Chapter 5 by Honic et al. in this book describes the potential of such technologies 
and relevant life cycle and standardisation challenges in detail. Therefore, from the 
perspective of this chapter, it suffices to emphasise that BIM, as an integrated 
information environment, is more than a useful source of data (DurmiSevicZ22018; 
Bertin et al. 2020). There is a significant overlap between BIM and material or 
building passports (Charef and Emmitt 2021), even when the latter are based on 
other sources for product composition breakdown. 

The advantage of BIM is that it makes materials situated and connected to life 
cycle processes (Honic et al. 2019). This supports design for deconstruction and 
disassembly (Minunno et al. 2018; Xing et al. 2020; Marzouk and Elmaraghy 2021; 
O’Grady et al. 2021) and other circularity goals. Translating manufacturers’ disas- 
sembly instructions into simulations in BIM improves legibility and completeness, 
especially concerning resources that may be available or required. It also verifies the 
disassembly procedures and validates designs with respect to them. Including the 
location of a component among its metaproperties in a passport does not offer the 
same advantages. 

In conclusion, passports and logbooks are amenable to the integrating power of 
BIM and digital twins, which can accommodate product information (Kebede et al. 
2022), life cycle energy data (Shah et al. 2023) and other key information in their 
properties and relations. In BIM, information collections such as material passports 
can become views of the model, similarly to bills of quantities. Linking their goals 
and constraints to all activities in design, construction and operation through BIM 
returns connections to information sources that help make material flow registration 
and analysis realistic and reliable (Miatto et al. 2022). 


1.2 BIM in the Built Environment 


There is general agreement that digital uptake in AECO is slow and limited, even 
though investment in digitisation may not be that low (Turk 2021; Koutamanis 
2022). Nevertheless, BIM was received with unprecedented willingness and opti- 
mism as a solution to major inefficiencies and malperformances (Sacks et al. 2018; 
Ernstsen et al. 2021), but rapid adoption was not accompanied by a scope wide and 
coherent enough to effect fundamental changes. There are persistent complaints 
about BIM costs, complexity and social and organisational aspects that contrast with 
its arguably unrealistic promotion (Miettinen and Paavola 2014; Oesterreich and 
Teuteberg 2019) and put smaller enterprises at a disadvantage (Dainty et al. 2017; 
Murguia et al. 2023). BIM is commonly deployed in hybrid situations, where it 
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overlaps with other technologies (Davies 2017). This conflicts with the holistic 
character of BIM and reduces its potential. As AECO remains attached to existing, 
document-based practices, BIM is generally restricted to office use and the produc- 
tion of such documents. Out of the office, the reliance of AECO on low-cost human 
labour does little to promote digitalisation. 

Even in office use, BIM has not always facilitated innovation. Its emphasis on 
integration and interoperability is not linked to models of labour division and 
specialisation (Turk 2020). It is also questionable that complex assemblages such 
as buildings can be broken down into hierarchical ontologies by merely observing 
real-world buildings and following pre-existing, paper-based standards (Koutamanis 
et al. 2021). Unfortunately, such limitations are seldom experienced, as most 
applications and models tend to remain selective, partial and restricted to specific 
tasks, such as clash detection between load-bearing structures and building services. 

BIM has yet to make its presence felt beyond design and construction, in the 
costly and resource-intensive use stage (Gao and Pishdad-Bozorgi 2019; Abideen 
et al. 2022; Benn and Stoy 2022; Durdyev et al. 2022; Matos et al. 2022; Pinti et al. 
2022; Tsay et al. 2022). Making and especially maintaining as-is models appears to 
be beyond the scope or capacities of most organisations, which are already 
overwhelmed by the amount of existing information and the multiplicity of channels 
through which they exchange information. 


1.3 BIM and Digital Twinning for a Circular Economy 


BIM, while not perfect, remains preferable to its predecessors and indicative of the 
symbolic direction building representations are taking. Implemented properly, it 
offers information integration and continuity, unambiguous interpretation by both 
humans and machines and full and reliable support of complex analyses. This 
supports goals such as circularity and the information-intensive processes they 
require. 

At the same time, present limitations in BIM create interest in technological 
advances. Digital twinning promises the additional capacity to accommodate and 
process all states of the physical twin, past and present (Rafael Sacks et al. 2020). 
This helps transform static evaluations into dynamic life cycle processes, combining, 
e.g. end-of-life assessment with adaptable planning (Chen et al. 2021). This transi- 
tion from static to dynamic is demanding but seems justified by feasibility evalua- 
tions, which confirm a significant potential for improved life cycle assessment and 
control (Tagliabue et al. 2021). 

Neither BIM nor digital twinning are goals for AECO; they are means towards 
domain-specific performances. Moreover, circularity may be viewed as an imposed, 
external societal constraint. As with any such constraint, it may conflict with 
established practices and be poorly served by existing tools, which are attuned to 
other priorities. To remove such obstacles, the general capacities of digital twinning, 
BIM and digitalisation should be taken for granted, and attention should be on 
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specific, critical issues (Cetin et al. 2021). General intentions, such as reducing 
inefficiencies, improving communication, optimising design performance or just 
providing visualisations (Wong and Fan 2013; Akinade et al. 2017; Minunno et al. 
2018; Charef and Emmitt 2021), can be relevant but do not amount to a specific, 
coherent approach. 


1.3.1 Registration of Relevant Information 


The first step in a coherent approach to circularity with BIM or digital twins is to 
learn to rely on symbolic representation. Any full model or twin can easily cover 
circularity information needs without additional investment, but in practice repre- 
sentations can be selective or opportunistic and hence incomplete or inconsistent. 
Deferring the information burden to any particular goal and its stakeholders (as with 
passports) is not a viable option. Instead, all AECO stakeholders should insist on 
joint, permanent working environments, not disconnected repositories or documen- 
tation for different phases. There can be no half-hearted BIM or digital twin 
deployment: economising on investment means severely limited potential and low 
returns. 

The first reason why a digital solution cannot be made for circularity solely is 
cost: the value of what it supports can hardly be justified by the returns, certainly in 
the perception of most AECO stakeholders with different priorities. General-purpose 
solutions such as BIM are clearly preferable because they support most such 
priorities. If circular goals can be added to them, then circularity stakeholders 
can reap the benefits, while others are stimulated to include circularity in their 
considerations. 

The perennial question in AECO is not so much who makes a BIM model but 
who maintains it, especially in the life cycle of a building. If this does not happen 
collaboratively by conjoining the core processes of all actors, and preferably auto- 
matically, there is little hope for success. Collaborative solutions also lower the 
participation threshold for smaller enterprises and offer enticing benefits in terms of 
digital support and room for fruitful specialisation. In return, the enterprises con- 
tribute to the completeness and up-to-dateness of information simply by using it. 

The second reason for a lack of digital solutions for circularity is selectivity: any 
information solution motivated primarily or exclusively by circularity inevitably 
remains restricted to circularity factors and aspects. It may even suffer from 
inattentional blindness, which causes omissions of important data simply because 
we concentrate on other matters (Chabris and Simons 2010). One can naturally work 
with conscious concentration towards a full, inclusive solution, but then the results 
would amount to something akin to BIM or digital twins, i.e. a comprehensive 
solution that could only justify costs and improve returns by being open to other 
goals and priorities, too. 
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1.3.2 Exploration of Circular Operations 


The second step towards circularity with BIM or digital twins is to utilise their 
capacities for exploring deconstruction and disassembly (Akanbi et al. 2019; van den 
Berg et al. 2021). In the same way that we simulate construction processes, we can 
also simulate the expected maintenance, refurbishment, renovation and deconstruc- 
tion processes with the accuracy and precision required for feasibility, effectiveness 
and efficiency. This provides direct support for construction-related circularity goals 
(narrow and regenerate through efficiency improvement) and a useful background 
for others (slow and close through reliable life cycle projections). It also stresses the 
necessity of detail and realism. For deconstruction in particular, we should acknowl- 
edge that it is not a mere reversal of construction. As Van den Berg explains in 
Chap. 11 in the relevant chapter in this volume, information is a key issue in 
organising reverse logistics. As-is representations are essential for the identification 
and harvesting of reusable resources from existing buildings because as-built models 
(i.e. construction documentation) are neither sufficient nor reliable enough. Closing 
loops requires certainty about the state of components and materials, as well as about 
their physical context, which has changed from an accommodating construction site 
to a finished, functioning building. This calls for solutions that are full and realistic, 
including all details of deconstruction in space and time, e.g. how cranes and 
scaffolds would function in the existing building. Van den Berg (Chap. 11) describes 
a number of focused explorations and demonstrations that must graduate from 
opportunistic demonstrations of potential to standard facilities in BIM and digital 
twinning. 


1.3.3 Constraining Design, Construction and Operation 


Based on the second step, we should explicitly describe circularity dependencies and 
constraints in properties and relations of symbols (e.g. constraints on interfacing 
between components for effective deconstruction). Relations are of particular impor- 
tance in this respect because they link interfacing between components to symbol 
behaviours. They can ensure that the building design and construction allow for 
deconstruction (Sanchez et al. 2021), e.g. avoid additions that spoil interfaces 
designed for disassembly, such as equalising layers of in situ concrete over demount- 
able floor slabs. If symbols refuse to accept such additions to their properties or 
relations, similarly to a door not accepting positioning outside a wall, the scope for 
human error becomes much smaller. This is particularly important in the use phase, 
where changes are only too frequently improvised, in both refurbishment and 
maintenance. The representation can also anticipate circularity operations, such as 
the replacement of some components when they fall below a certain performance 
level, by including among the symbol triggers that adjust the timing of loops. 
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1.3.4 Life Cycle Registration and Guidance 


The final step is an extension of the previous three: use 4D symbolic representations 
to monitor the detailed history of a building, preferably in near-real time. As symbol 
properties and relations can register the activities and effects of maintenance, 
refurbishment, etc., material flows are measured and managed not by questionable 
proxies but with primary, precise and accurate data (Minunno et al. 2018; Chen and 
Huang 2020; Marzouk and Elmaraghy 2021). Up-to-date information is essential for 
the planning of circularity operations: narrowing, slowing, closing and regenerating 
can be based not just on initial assumptions and projections but on constantly 
refinable and dynamic decision frameworks that include permanent validation and 
verification facilities for making sense of the existing building conditions for decon- 
struction (Van den Berg, Chap. 11). The bidirectional relation between digital twins 
and buildings is clearly advantageous in this respect, as it covers not only monitoring 
but also adaptations in the behaviour of the physical twins, e.g. adjusting the heating 
and ventilation of a building in order to reduce the extent of material ageing in 
specific components. 


1.4 Current Applications of BIM and Digital Twinning 
to Circularity 


Judging the efficacy of a technology or approach requires realistic applications that 
can be analysed with respect to both means and ends. However, most publications on 
circularity and digital twinning, as well as many on circularity and BIM, are 
programmatic or aspirational. They focus on aspects such as technology and plat- 
form development, enablers and challenges (Copeland and Bilec 2020; Fuller et al. 
2020; Ganiyu et al. 2020; Rafael Sacks et al. 2020; Davila Delgado and Oyedele 
2021; Sepasgozar 2021; Shahat et al. 2021; Ammar et al. 2022; Charef 2022). Actual 
case studies are thin on the ground and mostly presented as plans or untested 
prototypes. The best examples illustrate that highly specific subjects and goals are 
beneficial for both the setup of a digital twin and analyses in it (Funari et al. 2021). 
Laboratory case studies, however limited, represent useful steps forward, especially 
for learning and testing (Rocca et al. 2020; Marzouk and Elmaraghy 2021). 

The narrow scope of digital twinning case studies is inherent to any early stage. 
With the sensitising of architects, engineers, authorities and clients to environmental 
issues and the life cycles of materials, ambition and attention inevitably become 
dispersed over a wide range of subjects and possibilities, from key applications in 
AECO to promising digital technologies (Hillebrandt et al. 2019; Cetin et al. 2021), 
arguably at the cost of coherence, consistency and effectivity. There is no uniform 
solution that applies to all aspects and goals. Each component, material or building 
has different potential, not just generically but in every instance and situation. 
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However, even advanced and convincing cases with a narrow and well-defined 
scope, such as bridge maintenance, still fall short of a full digital twin (Mahmoodian 
et al. 2022). Other studies are hampered by the small samples available, as longitu- 
dinal or long-term data are required for consistent and reliable results (Rita et al. 
2022). This is particularly true of attempts to go beyond the microscale of materials 
and elements and extend to the macroscales of neighbourhoods and cities, so as to 
identify and promote synergies (Bejtullahu and Morishita-Steffen 2021). Such 
extensions inevitably shift attention from new designs to the existing stock. Existing 
buildings, especially historical ones, involve knowledge not easy to codify in 
systems developed for today. So, it is not only information we are lacking, it is 
also decision-making and design tools (DurmiSevi¢2018; Bianchini et al. 2021). 

One of the key problems with case analysis is that evaluation tends to be weak, 
based on opinion rather than objective criteria. Information collected through ques- 
tionnaires, interviews and similar means (Charef and Emmitt 2021; Cetin et al. 2022) 
should not be taken at face value. It contains opinions, subjective estimates and 
uncorroborated reported results that indicate belief or strategic support for potential 
rather than tangible, verifiable results. As time-use studies demonstrate, personal 
estimates can be heavily biased by goals and emotions: stressed people overestimate 
how they spend their time and produce sums of more than 24 hours per day 
(Robinson and Godbey 1999). This calls for yet another use of BIM and digital 
twins: the collection of reliable, comprehensive and consistent data, which can be 
processed through generally accepted methods towards case analyses and bench- 
marks. Without such objective information processing, it is impossible to arrive at 
clear evidence that not only convinces but also shows what can be improved 
and how. 


1.5 Business Models for BIM and Digital Twinning 
in a Circular Built Environment 


Business models address organisational aspects, such as who, what, when and how 
in key tasks that contribute towards delivering desired results and outcomes. Infor- 
mation is of critical significance here, especially in product-as-service, bundling, 
dematerialisation, life extension and similar models that depend on fine-tuning or 
combinations (Charter and McLanaghan 2018; McCausland 2022). These require 
transitions from production-driven to customer-centred approaches and changes in 
collaboration patterns and supply chain structures (Qi et al. 2022; Wang et al. 2022; 
Xiang et al. 2022). Whether the business model follows an innovation or a resource 
strategy (Bocken and Ritala 2022), rich information is a prerequisite for reliability 
and feasibility (Shah et al. 2023). Projected states and indicators must be substan- 
tiated and monitored, so that lessons learned are fed back to related decisions. 

The same organisational aspects and their goals are critical for the utilisation of 
information technologies. Despite the key role of information, the digitalisation of 
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products and processes is not always included in digital twinning business 
models, which often retain legacy conditions and practices (Deckert et al. 2022). 
Digitalisation is still treated as external to core processes: a layer to be superimposed 
when needed. Consequently, the business case for digitalisation and information is 
hampered by investment and operation costs that are deemed too high, despite the 
promise of substantial efficiency improvement. 

In AECO, digitalisation has yet to develop into a connecting tissue between all 
stakeholders and actors, as in other economic areas (Floridi 2014). Attachment to 
analogue practices and their information carriers remains too strong, regardless of 
changes in the objectives of projects, enterprises or society. This contrasts sharply 
not only with other industries but even more with daily life. The same AECO 
practitioners who are reluctant to fully embrace integrated digital information solu- 
tions in their professional activities make extensive use of social media, e-commerce, 
e-banking, etc., in their private lives. The result is that AECO computerisation is 
characterised by isolated islands, not the networks necessary for business value. 
BIM, digital twinning and all other forms of digital information are treated as the 
product of integration rather than the integrator that enables better collaboration and 
performance (Davila Delgado and Oyedele 2021). 

This does not imply lack of attempts at new business models that build on 
digitalisation. On the contrary, there are many proposals from which we can learn. 
Looking at business models related to digital twinning (as the most demanding 
case) across application areas, industries and countries (Kumar et al. 2022), certain 
characteristics emerge: 


e The emphasis is on potential (rather than effectiveness), particularly for compet- 
itiveness, which requires venturing beyond legacy solutions and comfort zones. 

e Control applications appear to offer easier deployment than production applica- 
tions, but in both cases the main promise is value co-creation through support for 
decision-making and management of operations and services (West et al. 2021). 

e Differences between industries are largely due to legacy practices and industry 
structures (Morelli et al. 2022). There appears to be no uniform solution for 
universal transformation. 

e Importance is attached to platforms, autonomous stakeholders operating on them 
and networks emerging from the interaction between stakeholders and platforms 
(Rocca et al. 2020). 


In summary, digital twinning seems not easily attainable in practice, especially 
for subjects like buildings, which undergo many, often invisible changes in their 
protracted lifespans and require a high level of detail to capture both contexts and 
user experiences. 

Some therefore argue that the business case should be motivated by a clear goal 
such as the reduction of energy consumption. This guides the development of 
business value towards measurable results while serving wider societal goals like 
sustainability and improving the lives of users and consumers. They also stress that 
data strategies should be imposed top-down, as part of business value, rather than left 
to the willingness or ability of stakeholders and actors (Apte and Spanos 2021). 
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Such arguments sound autocratic but nevertheless produce clear solutions in a 
notoriously fragmented and backward-looking industry like AECO. Judging from 
the half-hearted commitment and relatively low investment in computerisation, 
business models involving BIM or digital twinning need to include the technologies 
in their core and give them the primary role of integrator. Developing add-on 
business models for digitalisation on top of circularity models is self-defeating 
because it makes information technologies an option, moreover an expensive one, 
with tenuous connections to goals and values. So long as stakeholders are under the 
impression that circularity in the built environment is feasible without a radical 
digital reform of practically all processes, there is little hope for wide and effective 
deployment. 

Digitalisation should be specified according to general principles, rather than 
specific objectives such as circularity, so as to ensure inclusiveness and complete- 
ness. This provides the necessary context for explaining how different aspects can 
support each other in the business model, e.g. how maintenance activities contribute 
to the fine-tuning of timely deconstruction, thereby alleviating the burden of fact- 
finding in circularity monitoring and assessment. Conversely, circularity constraints 
guide maintenance towards not only timely replacement but also higher performance 
in the building. 


1.6 Discussion 


One thing we no longer need to justify or defend is digitalisation. Everyone is aware 
of its importance and pervasiveness. The fact that information is key to digitalisation 
is sometimes less obvious, let alone that information is the integrator of human 
interactions. Goals like circularity are not only highly demanding in information, 
they also require radical changes in all related industries. These characteristics make 
circularity clearly dependent on the digital transformation of the whole of AECO, in 
the same way that digitalisation has transformed communications, entertainment, 
social contacts, etc. While such transformation is feasible, the problem with 
digitalisation in AECO is not lack of potential but low priority. So long as it is 
seen as a mere means to basic tasks, it cannot deliver its full promise. In turn, this 
reduces willingness to invest in digitalisation and hence the performance of digital 
solutions. 

To break this vicious circle, brave plans are necessary. Circularity has to assume 
fully integrated digital information for the built environment and include it in the 
core of its processes as the connecting tissue between aspects, stakeholders and 
actors. In other words, the first, critical step is that AECO commits to BIM and 
applies it to all aspects and tasks. This ensures reliable and effective support for 
circularity, as well as a wide scope for it, for two key reasons. Firstly, being 
successful with just a few components or materials does not justify the circularity 
claims and investments — for circularity to be truly effective, it must apply widely to 
the built environment. Secondly, to achieve that, circularity must be present in all 
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aspects, become embraced by the corresponding disciplines and made part of their 
goals and methods. Keeping it separate, as an additional layer, turns it into an 
afterthought and an option. 

This information environment cannot be initiated by any single aspect or goal. 
Circularity may endorse it, but it is the whole of AECO that must sustain it 
throughout the life cycle. This sounds like a tall order, but thankfully BIM, properly 
and consistently applied, is a good starting point. Its limitations are not trivial but not 
such that they preclude effectiveness and efficiency in any discipline or the collab- 
oration between disciplines. What AECO needs is more experience with working in 
such an environment — experience that can be invaluable in further transitions, e.g. to 
the enticing prospect of digital twinning. 


1.7 Key Takeaways 


e BIM has considerable potential to integrate information processing, thus provid- 
ing comprehensive and situated information that covers most circularity needs. 

e BIM seamlessly links circularity to other activities in design, construction and 
operation. 

e Digital twinning promises even more: digital replicas in full synchronisation with 
the physical twin and its past, present and future states. 

e The successful deployment of powerful technologies such as BIM and digital 
twinning requires significant investment, commitment and consistency. 
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Chapter 2 A 
Geographic Information Systems teter 
for Circular Cities and Regions 


Tanya Tsui, Wendy Wuyts, and Karel Van den Berghe 


Abstract A geographic information system (GIS) stores, manipulates, analyses, 
and visualises spatial data. GIS enables the mapping of building elements and 
components and can optimise the location of facilities for circular activities, thus 
contributing to the closing of material loops and the spatial development of circular 
cities and regions. This chapter presents use cases of GIS in the circular built 
environment, with examples from academia, industry, and government. Academics 
use GIS data for urban mining studies to estimate the location and availability of 
secondary construction materials. Businesses in industry use GIS analysis to inform 
the facility location of circular construction hubs and (reverse) logistics. Govern- 
ments use GIS to monitor and assess the circular spatial development potential of 
their (industrial) territories. In order to integrate GIS into circular economy solutions, 
improvements need to be made in making spatial data available and in presenting 
findings that emerge from it. Finally, present enthusiasm for GIS tools should be 
balanced by a deeper understanding of the connection between digital tools and 
governance decisions. 
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2.1 What Is GIS? 


A geographic information system (GIS) is a system for managing, analysing, and 
visualising geographic data. Geographic data integrates location data (where things 
are) with all types of descriptive information (what things are like there). GIS is 
utilised in multiple technologies, processes, techniques, and methods, and it is 
associated with various disciplines, including engineering, planning, management, 
logistics, telecommunications, and business. The ubiquity of GIS can be attributed to 
the fact that a large variety of problems are affected by their location and thus can 
incorporate the use of location data (Goodchild 2010; Chang 2018). 


2.2 GIS in the Built Environment 


Within the built environment, GIS is used as a tool to create, share, and analyse 
spatial data. Spatial data related to the built environment can be created from 
processing data sources such as satellite images. This can be seen in the creation 
of high-resolution 3D models of cities using photogrammetry (ArcGIS 2023a), 
LiDAR (laser imaging, detection, and ranging) (TU Delft 2023), and Google Street 
View data (Spotr 2023; Chap. 3 by Gordon et al. on scanning technologies). These 
models are especially relevant for the built environment: 3D data is essential for 
various analyses, including estimations of wind load, solar exposure, and tempera- 
ture changes in city blocks or neighbourhoods. 

Spatial data can also be visualised and shared, allowing stakeholders to track and 
maintain elements in buildings, infrastructure, and even cities. Tracking is often 
achieved in combination with other digital technologies, such as building informa- 
tion modelling (BIM). This can be seen in the tracking and tracing of urban 
infrastructure (ESRI 2020), as well as city management systems that crowdsource 
citizens’ maintenance requests for their municipality on a map (Liu 2021). The 
tracking of elements in the built environment can be seen in the development of 
digital twins — virtual models of the built environment that store detailed information 
on urban elements, such as buildings, greenery, and infrastructure. 

Finally, spatial data can be analysed to create insights and aid decision-making in 
the built environment. This can be seen in transportation optimisation (Santi et al. 
2014), site selection of services (Kontos et al. 2005), analysing energy potential (van 
den Dobbelsteen et al. 2011), and urban morphology (Spatial Morphology Group 
2023). 
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2.3 GIS for a Circular Built Environment 


In recent years, researchers from industrial ecology, economic geography, and urban 
planning have highlighted the importance of space as a major factor in the study of 
circular economy (Wuyts et al. ; Bahers et al. ; Bucci et al. ). Creating, 
sharing, and analysing spatial data in GIS can therefore bring further insights and aid 
decision-making in a circular built environment. This section provides a brief 
overview of GIS for a circular built environment through creating, mapping, sharing, 
and analysing spatial data. Section 2.4 provides detailed examples of these methods, 
introducing cases from academia, industry, and government. 

GIS’s capability in creating and mapping spatial data can be used to visualise 
material flows and the availability of secondary material and land. Existing spatial 
data can be used to map out the availability of secondary materials embedded in 
buildings today in a process known as ‘urban mining’ (Van den Berghe and 
Verhagen ). An example can be seen in Fig. 2.1. Flows of secondary materials 
can be mapped using transportation data or waste management data. The mapping of 
stocks and flows can highlight hotspots with a high concentration of available 
secondary resources or the presence of material reuse. This information can then 
be used to assist the planning of the location of material reuse actors — facilities that 
collect, store, and redistribute construction waste to be reused in new construction 
sites, thus narrowing and closing material loops (see Sect. ). 

Sharing spatial data in GIS platforms allows for tracking buildings, infrastructure, 
and waste flows. Tracking the conditions of buildings and infrastructure allows 


Fig. 2.1 Mapping of copper availability in Amsterdam, using open data on residential buildings 
(Waag ) 
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maintenance and repair works to be conducted in a coordinated and timely manner, 
which ensures a longer life cycle, resulting in the slowing of material loops. Digital 
platforms, which allow for the exchange of secondary materials, often have a 
mapping element that allows users to know the locations of stakeholders (Rotor 
2023; Superuse 2023) (see also Sects. 2.4.2.2 and 2.4.2.3). By tracking waste 
material flows, governments can also monitor their level of circularity and transpor- 
tation emissions, giving policymakers a better understanding of their progress 
towards circularity (see Sect. 2.4.3). 

Finally, spatial data analysis in GIS can create insights that aid decision-making 
in a circular built environment, often at a city or regional scale, for closing material 
loops. By analysing spatial parameters of locations such as accessibility and prox- 
imity to amenities, site selection and facility location analysis can be conducted to 
find suitable locations for circular activities, such as facilities for recycling or 
remanufacturing (see Sects. 2.4.2.1 and 2.4.3.1). Clustering analysis can be 
conducted on hotspots of circular industrial clusters, highlighting areas that could 
further scale up their circular activities in closing material loops (see Sect. 2.4.1). 
Network analysis can be conducted on (circular) supply chains, allowing 
policymakers to identify important players in a network of secondary material 
flows. Stakeholders in (circular) supply chains can be identified using a dataset 
that represents locations of material flows, such as waste statistics or shipping 
movement data (see Sect. 2.4.3.1). 


2.4 Example Use Cases 


The following subsections present use cases of GIS in the circular built environment, 
with examples from academia, industry, and governments. 


2.4.1 Academia 


Academia has played a role in the development of GIS in circular built environment 
research and in improving the accuracy of estimating future locations of secondary 
material availability in cities, identifying optimal locations for circular infrastructure, 
and developing circular city information infrastructures. 


2.4.1.1 Estimating Locations of Future Secondary Material 
Availability: From a Top-Down to a Bottom-Up Approach 


One of the most well-known mapping and accounting methods in circular economy 
research is material flow and stock analysis (MFSA). This method is rooted in the 
scholarship on societal metabolism and has a history of theoretical developments and 
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methodological advancements since the nineteenth century (Fischer-Kowalski 
1998). MFSA was mostly done with statistical data and in a top-down approach 
based on the accounting principle of mass balance, where a stock of materials is seen 
as the difference between inflows and outflows of a certain material in a certain area 
(often an administrative unit) for a time period (usually a year) (Lanau et al. 2019). 
Often, top-down approaches use statistical data of the amounts of the materials 
without specific building location instances, which makes it difficult for interested 
parties to locate where and when these materials could become available for future 
reuse. 

In 2009, Tanikawa and Hashimoto published a seminal paper which proposed 
using GIS data for estimating material flows and stocks (Tanikawa and Hashimoto 
2009). Integrating GIS provides information about the location and timing of the 
availability of reclaimable materials. By incorporating spatial data using GIS, the 
results of MFSA become useful for specialised deconstruction companies, urban 
miners, and other reuse actors at the local level, in contrast to nonspatial MFSA 
(Wuyts et al. 2022). If there is a time series of GIS layers (cadastral data), researchers 
can study patterns, such as the average life span of buildings, categorised according 
to building year or period. This can be used as input in estimating the future potential 
supply of (secondary) materials from demolition (Van den Berghe and Verhagen 
2021). 

While many practitioners and academics still use the top-down approach and the 
EUROSTAT compilation guidelines (European Commission 2018), Tanikawa and 
Hashimoto’s work has inspired more researchers to use a bottom-up approach, 
shifting towards more local estimations of material stocks and flows (Wuyts et al. 
2022). This approach entails the quantification of materials in a certain location 
(e.g. a building) by multiplying the area of the location (e.g. in square metres) by the 
material intensity coefficient typical for the building or location (e.g. tonnes of a 
certain material per square metre). The coefficient refers to the material intensity, 
which is derived as part of a multiplication with the volume of that material present 
in that building. The coefficients are often based on existing planning documentation 
retrieved from archival work, communications with the demolition or construction 
companies, on-site investigations through laser scanning (see Chap. 3 by Gordon 
et al. on scanning technologies), or, if available, BIM models (Sprecher et al. 2022; 
Honic et al. 2023). However, these material intensity coefficients are different for the 
period, the location, and the functional unit, as, for example, demonstrated through 
comparing material intensity databases in the Canadian city of Toronto, the 
Australian city of Perth, and the island of Luzon in the Philippines (Arceo et al. 
2023). These databases of material intensity coefficients are often not organised in 
standard structures, which makes comparisons and data exchanges difficult. 

In addition, this bottom-up approach, often called the ‘coefficient-based 
approach’, requires a lot of data and is labour-intensive but provides spatial infor- 
mation on the specific building location. These coefficients are multiplicated by 
gross volumes, often derived from cadastral data, and the outputs are maps showing 
where materials are located in a geographical area. When materials embedded in 
buildings are seen as future urban resources, mapping them is like developing an 
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inventory of future available materials. Hence, associated researchers have been 
developing urban resource cadastres for a circular economy in European cities, such 
as in Odense, Denmark (Lanau and Liu 2020), Vienna, Austria (Kleeman et al. 
2017), and Gothenburg, Sweden (via CREATE project, 2022-2025). In some cases, 
researchers can predict when these materials could become available for future reuse, 
via municipal demolition and construction agendas (cf. building permits), or if time- 
related data (such as building ages and average life spans of buildings) is available. 
While most cadastral data is digitally available, older cadastral data can be digitised 
using artificial intelligence and machine learning methods (e.g. see the Nested 
Phoenix in Melbourne and Brussels (Stephan et al. 2022)). 

The outputs of coefficient-based approaches in MFSA can inform urban mining 
studies and plans, thus helping to estimate and visualise the location, availability, 
and reusability potential of secondary construction materials within cities and 
regions (Wuyts et al. 2022). An academic cluster of researchers associated with 
Tanikawa and Hashimoto is using their method to collect data for informed decisions 
for sustainable urban and regional development. For example, Guo et al. (2021) used 
this method for estimating the material stocks and flows as well as the lifetime of 
buildings over a chronicle in Tiexi district of the Chinese city Shenyang. This district 
is often seen as a microcosm of Chinese studies and representative of many Chinese 
urban neighbourhoods. 

Building upon coefficient-based approaches in MFSA, researchers have started 
investigating how this method can help the circular economy transition in the built 
environment. One of the explorations is the combination of insights from historical 
studies, political economy, and innovation with spatially explicit material stock 
studies. GIS is used twice: first to map the material stocks, and then to make an 
estimation model of where vacant sites are (and, thus, where materials could be 
available for reuse) (Wuyts et al. 2020). However, this approach should not be used 
without critical thinking. First of all, predictive or speculative mapping of vacant 
sites for future mining can be seen as a colonial capitalist practice that erases the 
histories and presences of specific groups of people and other beings (Noterman 
2022). Second, it is important to note that mining the materials and reusing con- 
struction materials is a short-term perspective, while a long-term perspective is 
renovating and repurposing these constructions, and a multispecies perspective is 
giving the land back to other species and letting it overgrow (Wuyts and Marjanović 
2022; Marin and De Meulder 2021a). 

All these methods often require specialised equipment and consume time and 
large file types and databases, especially if some data is retrieved through laser 
scanning (Uotila et al. 2021). A promising new approach for locating reclaimable 
materials is using data from street-view images (e.g. Google Street View) of facades 
to train machines to create classification maps that can assist in defining protocols 
and urban planning, as demonstrated in Zurich and Barcelona (Raghu et al. 2022). 
(See Chap. 4 by Armeni et al. to learn more about artificial intelligence and image 
recognition for reuse.) 
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2.4.1.2 Identifying Locations of Existing and Future Circular Facilities 
Using Spatial Analysis 


GIS can be used in speculative mapping studies to understand the location of 
existing and future facilities and infrastructure associated with a circular built 
environment. Speculative mapping or cartography is a tool to make the future or 
frontier visible for extracting potential resources (Noterman 2022). In the circularity 
context, this frontier could be possible locations of reclaimable secondary mate- 
rials or circular infrastructure (Tsui et al. 2023). Speculative mapping is often used in 
urban planning. In Belgian cities such as Brussels and Leuven, landscape architects 
are using GIS to map circular practices within an area or landscape. By doing so, 
they map and speculate how a facility such as a ‘material bank’ can facilitate 
circularity in a city (Marin and De Meulder 2021b). Verga and Khan (2022) created 
an urban circular practice atlas in Brussels, which is a combination of different GIS 
layers for different facilities and organisations for different sectors that shows the 
spatial configuration of logistic infrastructure such as collection points for different 
material flows (e.g. textile, construction materials). 

Furthermore, GIS can be utilised to conduct spatial statistical analysis to identify 
optimal locations of present and future circular facilities — whether they are facilities 
for waste recycling or hubs for material exchange. In the Netherlands, spatial 
analysis is conducted to quantify the spatial clustering of waste reuse activities, as 
well as to find hotspot locations for waste reuse (Tsui et al. 2022). Further work was 
also conducted to estimate the optimal number and locations of concrete recycling 
plants in the Netherlands (Hodde 2021). In industrial symbiosis, proximity is key, 
which requires local optimisation calculations requiring GIS (e.g. see Yu et al. 
2021). 

Other researchers build further on spatially explicit material stock studies stored 
in GIS, where origin-destination calculations are conducted to criticise missing 
infrastructures for recycling concrete in a city, such as Den Hague (Van den Berghe 
and Verhagen 2021). In Singapore, spatially explicit material stock studies were 
performed to estimate the potential of building materials that could be transferred to 
the growing housing market in Indonesia, which is only a few kilometres away 
(Arora et al. 2019, 2020). Spatially explicit material stock and flow studies have been 
shown to benefit circular city implementation (Wuyts et al. 2022). 


2.4.1.3 Developing Circular City Information Infrastructures 


Different cities are developing circular city information infrastructure to monitor and 
support policy planning. Mostly the information is analytical: digital twins are 
developed, (top-down) indicators are refined, and material flows are mapped. In 
Flanders, Belgium, the Vlaamse Open City Architectuur (VLOCA 2023) hosts a 
knowledge hub for smart cities. Other similar initiatives include the circular econ- 
omy monitor in Flanders (Vlaanderen Circulair 2021), Ganbatte World (Ganbatte 
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World 2023), and the Amsterdam circular economy monitor (Gemeente Amsterdam 
2023). However, none of these initiatives integrates experiential knowledge, 
avoiding the fact that cities are also experiential information systems (De Franco 
and Moroni 2023). 

In 2022, NTNU Sustainability at the Norwegian University of Science and 
Technology funded the Circular City Project (2022-2026). The researchers will 
apply a bottom-up technique to assist Trondheim, Norway, in catalysing circular 
material flows (NTNU 2022). The idea is to create digital twins of individual 
buildings within the larger city-scale digital twin of Trondheim, fusing macro- 
level data (GIS layers, with graph data) with micro-level data such as BIM objects. 
This application is similar to a research project on modelling and predicting building 
blocks in Vienna, where BIM models provided a material intensity database that 
could be multiplied by the gross volumes obtained from GIS (Honic et al. 2023). 

A wide array of GIS applications in academia are working towards the circularity 
transition of the built environment industries. These GIS techniques are beginning to 
leave the academic sphere, leading to action in industry and government, as seen in 
the section below. 


2.4.2 Industry 


The following section provides an overview on how GIS is used in industry for a 
more circular built environment. Industry uses GIS to plan locations of reuse 
infrastructures, to track locations of components and materials via digital platforms, 
and to facilitate the efficiency of reverse logistics. 


2.4.2.1 Planning Reuse Infrastructures 


Companies such as reclaimable material brokers and manufacturing companies use 
GIS analysis to inform their spatial strategies for facility location of circular con- 
struction hubs and (reverse) logistics. In southern Norway, more than 30 partners, 
representing different actors of the forestry, timber construction, deconstruction, 
waste industry value network, and research institutes, started the SirkTRE consor- 
tium and received funding for research, development, and innovation projects in 
2021-2024 (SirkTRE 2022). The first phase encompassed a stakeholder mapping 
process, including missing roles. One of the missing roles was circular hubs where 
wood waste, mostly from demolition projects, would get collected for quality check 
and pretreatment (drying, removing hazardous substances, cutting it ready for 
industrial sale) and assembly in new building elements and components. In Belgium 
and Norway, these circular hubs were more the result of the availability of land, often 
placed in restored brownfields (e.g. Materialenbank Leuven in Belgium; Omtre’s 
Materialenbank in Hgnefoss, Norway) or vacant public spaces that are in develop- 
ment (e.g. Sirkulzr Ressurssentral in Oslo, Norway). 


2 Geographic Information Systems for Circular Cities and Regions 29 


Because stakeholders wanted to deal with high material volumes and withstand 
higher investment risks, the planning went through a methodology cocreated by 
SirkTre consortium partners, external consultants, and seed funders. In early 2022, 
Omtre AS started the planning of a circular hub to be in operation before 2030 and 
collected insights from Norwegian experts but also looked at the existing and 
emerging circular hubs in Belgium and the Netherlands. Informed by theories 
from economic geography, investigations will be made in different locations, spatial 
configurations, and setups (e.g. temporary vs permanent) under different input 
parameters and future scenarios. One of the research-for-informed-planning tasks 
considers a forecasting GIS-material stock analysis to estimate the potential avail- 
ability (when, where, and how much) of various wood waste fractions of demolition 
projects. Noteworthy is that this spatially explicit material and flow analysis will not 
follow standard MFSA guidelines by going beyond administration boundaries. 
Omtre uses the metaphor of the circumference. At a UNESCO site at the former 
mining mountain town of Røros, Norway, mining happened within a circumference 
because of the location of the copper and the economic costs related to the transport 
of the copper and the input resources (e.g. trees for fire). Since it is seen as reasonable 
to drive 2 hours to pick up materials in the Norwegian cultural context, this distance 
is the radius of the circumference for urban mining. 

Omtre AS is also setting up GIS to map existing infrastructure (e.g. storage, 
transport, etc.), power relationships, technical lock-ins (risks), and required partner- 
ships to enable the relocation of building materials. This data collection task has two 
objectives. First, it will inform a speculative mapping of how a material bank 
facilitates timber flows (inspired by Marin and De Meulder 2021b). Second, it will 
feed the setup of an optimal routing calculation of the collection of the selected wood 
waste fractions and distribution of the building materials and elements to construc- 
tion sites or intermediary partners (e.g. prefabricated module builders). 


2.4.2.2 Tracking and Tracing via Digital Platforms 


Presently, digital platforms are emerging to enable circularity practices such as 
reusing building materials and components, selling tools or advice, calculating life 
cycle costs, or even providing a marketplace (Wuyts et al. 2023). In this chapter, we 
are interested in the functionality of tracking and tracing the locations of buildings, 
elements, or materials using GIS. In some circularity practices and strategies, 
geographical proximity matters. Industrial symbiosis platforms are taking the role 
of intermediary third parties that match supply and demand (Krom et al. 2022) — 
often by sharing not only data on available materials but also other resources (storage 
space, equipment, trucks). These platforms require GPS coordinates, so the logistics 
of the relocation can be arranged and optimised. Especially in industrial symbiosis, 
proximity is key and requires the integration of GIS (e.g. Yu et al. 2021). 

Digital platforms can provide two services: tracking and tracing. Tracking is 
recording data on where the material is at the moment. Tracing means knowing 
where the material comes from, including its history and exposure to harmful events. 
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Tracing can help estimate risk and identify which application the material could be 
used for. Tracing is also key in the increased demand for transparency and social 
sustainability controls, especially upstream of the value chain. Tracking and tracing 
are presently already part of cyber logistic systems. Here, GIS is used to automat- 
ically calculate the optimal routing when moving materials or components from one 
location to another. 

There have been speculations that material banks and other temporary storage 
spaces will become obsolete in the future and will be replaced by systems that track 
the required materials in planned demolitions and constructions and facilitate a direct 
relocation of materials from the deconstruction to the construction site. These digital 
solutions would substitute spatial requirements (e.g. land and infrastructures needed 
for storage). Nevertheless, due to the conservatism of the construction sector and the 
slow uptake of digital solutions in general, the rapid wide deployment of digital 
solutions replacing spatial requirements is not expected. 


2.4.2.3 Tracking in Reverse Logistics and Remanufacturing 


While digital markets match different building industry actors and can facilitate the 
optimisation of logistics of the reclaimed building material from one actor to another 
(Sect. 2.4.2.2), the relocation of materials can also happen via reverse logistic 
systems within the same company’s value chain. Optimisation of logistics from a 
building to a remanufacturing plant and again integration in the old or new building 
project is again key to reducing the costs of remanufacturing. As part of the linear 
economy, these companies have normally established internal tracing and tracking 
systems which enables the logistic managers to follow a product (often only within 
the factory boundaries) until the ownership of the product is transferred to the next 
actor in the value chain. 

One important step for enabling tracing and tracking is that products get tagged 
with a label or a unique identifier (e.g. barcode or QR code). Later, in the value chain 
or during the use or demolition phases, this label can disappear for various reasons, 
and the connection with a digital tracking and tracing system can get lost. Hence, 
setting up reverse logistic systems often means the creation of a new tag at the source 
of the collection of secondary materials (e.g. waste collection points, which would 
become the new point zero of the tracking system). If companies create tags which 
will not disappear, they can set up a signalling system when these materials should 
be reclaimed and transferred back for remanufacturing into the current or new 
building projects. (For more information about information needs for the complex 
process from deconstruction via reverse logistics to remanufacturing, see Chap. 11 
by van den Berg.) 

Different companies in the circular built environment transition look into differ- 
ent labelling systems that contribute to tracking and tracing, even over different life 
cycle phases of the material and when it is owned by other actors. Are barcodes or 
QR codes the right tags from a reuse perspective, knowing they can disappear in the 
use or deconstruction phase? For example, in the timber construction industry, the 
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constellation of the knots in each wood element — or so-called wood fingerprint — is 
unique and can be recognised with cameras of scanners (e.g. Pahlberg 2017); it could 
be used as a natural QR code which can be scanned at any life cycle phase, from 
forest to second or third use cycles. These tags or unique identifiers are coupled with 
data from industry foundation classes (IFC), which is a data exchange schema 
describing architectural, building, and construction industry data. There are devel- 
opments where the geolocation of products would be part of IFC specifications. If 
these geolocation requirements were part of IFC data in tracking, this would create 
information about where products end up in the first use cycle and also in the second, 
third, and next-use cycles, which would lead to insights about environmental 
impacts related to transport and on the service time of these products in that location 
and building. (See Chap. 5 by Honic et al. for the role of data templates and material 
passports in tracking assets over more life cycle phases.) 


2.4.3 Government 


Governments use GIS to monitor circularity in their areas of jurisdiction and to 
assess the circular spatial development potential of (industrial) land. This section 
will introduce two examples: Project Zuid-Holland and the RePair project. 


2.4.3.1 Project Zuid-Holland: Prioritising Industrial Land 
for the Circular Economy 


Project Zuid-Holland (South Holland) is a collaboration between the Delft Univer- 
sity of Technology and the Province of Zuid-Holland in the Netherlands. The aim of 
the project is to evaluate the importance of water-bound industrial areas in the 
province in accordance with its existing and future needs, with a special emphasis 
on the transition to a circular economy. The project arose from the province’s need to 
prioritise the preservation of its existing scarce industrial areas. In many municipal- 
ities within the province, existing water-bound industrial areas are being transformed 
into residential and commercial land use that do not take advantage of the spatial and 
logistical possibilities of industrial activity and water transport for circular activities 
such as locally reusing or recycling construction materials. Responding to a lack of 
understanding of circular economy from a spatial perspective, this project focuses on 
the spatial requirements for future transitions. This includes location conditions such 
as available firms and technologies, the presence and diversity of labour forces, 
environmental restraints, and logistical multimodal possibilities. This leads to the 
question: What spatial planning strategies are necessary for the current and future 
stock of water-bound industrial areas in Zuid-Holland in order to foster future 
transitions? 

The project has three main work packages: (1) mapping existing water-bound 
industrial areas, (2) determining spatial requirements for future transition-related 
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activities, and (3) offering policy recommendations. The first work package, map- 
ping of water-bound industrial areas, uses GIS to generate insights for the subse- 
quent deliverables. The mapping process includes two main steps: the topographical 
mapping of existing commercial and industrial activities and the topological move- 
ment of materials via water transportation infrastructure. By using spatial data on the 
locations of commercial companies, a map was created showing industrial land 
within the region that hosted circular economy-related industries. Additionally, 
shipping data was used to identify industrial lands that were visited by ships, 
indicating the utilisation of water transportation. The spatial analysis work of the 
project resulted in two maps. The first is a geographical map of industrial sites in the 
province, showing whether each site was water bound, if it utilises water transport, 
and if it contains circular industries. The second is a network map (or diagram) 
showing which industrial sites are connected to each other via water transportation, 
as well as highlighting industrial sites that are strongly connected within the 
network. 

To summarise, this project addresses circularity by deepening our understanding 
of the circular economy transition from a spatial perspective (for the full report, see 
Van den Berghe et al. 2023). Spatial analysis allows key industrial sites to be 
selected and prioritised for future circular activities, contributing to narrowing, 
slowing, and closing material cycles. 


2.4.3.2 The RePair Project: Geo-design Decision Support Environment 
for Circular Spatial Strategies 


Funded by the European Commission, the RePair project (2016-2020) (RePair 
2023) aimed to develop a methodology that allowed for the creation of integrated, 
place-based, and eco-innovative spatial development strategies to reduce waste 
flows in periurban areas. The methodology was implemented in six metropolitan 
areas, using a geo-design decision support environment (GDSE) in multiple work- 
shop settings. This method extends the assessment of urban metabolism to include 
concepts related to urban drivers, urban patterns, environmental and spatial quality, 
and potential co-benefits of strategies. 

GDSE is a digital platform based on the geo-design framework, which allows for 
a geographical study area to be described, evaluated, and (re-)designed according to 
a predetermined goal (Steinitz 2012; Arciniegas et al. 2019). The GDSE combined 
and visualised spatial data collected from local contexts, such as locations of waste 
production and processing, land use, and company location data. An example of this 
can be seen in Fig. 2.2, showing the movement of waste to and from Amsterdam. 
This information was presented within a series of workshops to key local stake- 
holders in the development of a circular economy, including planning authorities, 
public/private organisations involved in strategic environmental assessment, and 
industrial actors in waste and resource management. The workshops with key 
stakeholders were used to aid decision-making in the development of place-based 
spatial development strategies for each of the six metropolitan areas. 
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Fig. 2.2 Mapping waste flows in Amsterdam (Furlan et al. 2020) 


The project resulted in the creation of a spin-off company, GeoFluxus 
(GeoFluxus 2023), which provides material flow monitoring services to governmen- 
tal bodies and private companies. Using material and waste statistics, GeoFluxus 
provides insight into where waste streams are available for circular (business) 
opportunities and develops methods for monitoring those streams at various scales 
(municipal, provincial, national), thus allowing organisations to measure their pro- 
gress towards the circular economy. 


2.5 Discussion 


2.5.1 Connecting to Other Technologies 


Collecting spatial data is key in academic research for informing circular city and 
built environment projects. GIS is at a high technology readiness level (TRL 9), 
meaning that the technology and information systems are widely known and 
adopted, in most European and North American regions, and is often integrated 
with other digital technologies (e.g. BIM) to support circular systemic solutions. 
Recently, software companies ESRI and AUTOCAD have worked together to 
smooth data exchange between GIS and BIM graph data (ArcGIS 2023b), allowing 
higher data transfer speeds and more seamless integration. For better integration of 
software systems, data handlers need more sensitivity for the different data formats. 
Some scholars propose standardised structures for databases, such as for organising 
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material intensity data (e.g. Guven et al. 2022) to enable interoperability. Another 
measure is clear-cut communication between the GIS executioners and information 
and communications technology (ICT) architects to foster seamless data exchange. 
For example, one risk is that these systems are designed by ICT architects who do 
not realise that GIS can be based on graph data and relational database management 
systems. The shapes used in GIS (polygons, lines, points) can be expressed in graph 
data, made of arcs and nodes. They are single attributes in a table which can be part 
of a relational database in the case of software programmes such as ArcGIS and qgis. 
However, the shapes are not necessarily explicitly related; tabular data can be 
exchanged instead. Tabular-centric architecture requires more effort to integrate 
with GIS expressed in graph data. 

GIS can also be linked to technologies enabled by artificial intelligence (AI). 
Machine learning image recognition models can be used to identify reusable build- 
ing components at an urban scale, using GIS and Google Street View data (Raghu 
et al. 2022). Additionally, as AI tools become increasingly available to the public, 
GIS technologies will become increasingly democratised and used by nonexperts. 
An example of this is ChatGPT, an AI chatbot that not only responds to prompts in 
text but in computer code as well, allowing users to potentially generate complex 
code for spatial analysis without prior knowledge (Tsui 2023). While these technol- 
ogies can greatly empower the general public, it is important to take into account the 
dangers of releasing tools that are accessible to many but understood by few. 


2.5.2 Hurdles and Barriers 


In order to integrate GIS with circular economy solutions, a number of challenges 
need to be overcome. The availability and quality of spatial data, and the way 
insights are presented, need to be improved. GIS metadata — data about GIS data 
that provides information such as where the data was collected, who collected it, how 
it was processed, etc. — is crucial for trustworthiness and transparency, which is 
especially important to a circular built environment that strongly depends on infor- 
mation facilitation and sharing between different stakeholders (and in times of 
increased cybersecurity risks). Insufficient metadata often limits understanding of 
where the spatial data comes from or how it was created. Better metadata leads to 
more transparency and trustworthiness. There are already various ISO standards for 
trustworthiness and other frameworks for data and information facilitation (Naden 
2019). In terms of data standards, industry actors should ensure that additional GIS 
data collection does not create more administrative hurdles, such as by necessitating 
additional agreements on who owns or stores spatial data. One important step 
forward would be to provide more process standards and data management plans 
that help define, for example, when to stop collecting and storing spatial data, finding 
a balance between cybersecurity and circularity. 


2 Geographic Information Systems for Circular Cities and Regions 35 


The development of a circular built environment may also require the involve- 
ment of citizen communities. To ensure the participation of citizens, open and public 
access to GIS-based algorithms and methods would be ideal. Public access to GIS 
data and methods not only fosters collaboration and involves diverse groups of users 
(e.g. citizens and communities), but it also allows independent parties to detect 
possible data biases in algorithms that could discriminate against people of certain 
backgrounds (Lally 2022; McCall 2003). 


2.5.3 Future Trends 


The use of GIS for understanding and improving the current state of the circular 
economy will increase in importance, especially in terms of reducing hurdles in 
technology compatibility. The most promising future for the technology arguably 
lies in using GIS as a tool for making governance decisions, such as how to match 
the demand and supply of materials in time and space. Policymakers often lack the 
capability to use digital tools, while technology experts who use these tools often are 
uninformed of policy questions behind their application (Hollands 2020). We warn 
against the false promise that more quantitative measuring or digital tools will 
always lead to better results — a correlative but not causal relationship, debated 
already in the 1980s during the so-called quantitative revolution (Paasi et al. 2018). 
Additionally, circular city and regional initiatives and their information infrastruc- 
tures focus mostly on analytical data, not lay or experiential knowledge. Significant 
progress is needed to bridge this gap. 

In the end, GIS remains a tool that is operated by a designer or policymaker, 
starting with a question. That question must be given focused time and attention. We 
should thus be cautious about our enthusiasm and investing capacity (be it in 
financial, R&D, human, or other resources) in developing and applying digital 
tools such as GIS to solve circular economy problems. Ultimately, understanding 
why, when, where, and for whom we need a circular economy or circular built 
environment — and subsequently, why we need better tools — should be prioritised 
over investing further in the technology without a clear understanding of its utility 
for circularity. The past should serve as a warning. Although we have been devel- 
oping tremendously sophisticated digital tools, material passports, and monitoring 
structures for about half a century, we have and are still losing the fight against 
climate change, more because of political reasons than a lack of data. If we view the 
circular economy as a strategy to cope with this climate change, then the same 
reasoning can be followed: are the digital tools we develop to foster a circular built 
environment really what we need? The correlation between policy and means needs 
more attention in research and practice to guarantee a more sustainable circular built 
environment. 
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2.6 Key Takeaways 


e GIS can contribute to a circular built environment by creating, visualising, 
sharing, and analysing spatial data on the location of buildings, components, 
and materials. 

e GIS can help identify where secondary building materials will be available in the 
future. 

e GIS can use spatial statistical methods to identify optimal future locations for 
circular infrastructure, such as material banks, recycling facilities, or (reverse 
logistics) hubs for material exchange. 

e In combination with digital platforms, GIS can facilitate the tracking and tracing 
of construction products, components, and materials. 

e GIS can help governments prioritise spatial development strategies by highlight- 
ing future sites critical to the development of a circular economy. 

e GIS data requires strong metadata in order to increase transparency and 
trustworthiness. 
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Abstract Effective building component reuse requires specific information about 
recoverable components. However, 85% of the European building stock predates the 
building information modelling (BIM) technology that stores and links such infor- 
mation. Digitisation technologies can be used to recover this information. Scanning 
and scan-to-BIM technologies such as LIDAR and photogrammetry enable us to 
capture and analyse large amounts of raw geometric data as point clouds to create 
digital records or BIM models of existing buildings. These digital representations 
can be used by building owners, inspectors, and deconstruction groups for decon- 
struction, new design, procurement, and new construction. They help implement 
closed circular resource strategies linking recovered materials to new projects. In this 
article, we look at a specific case study of these applications through the circularity 
consultant Concular. Digitisation technologies are compared based on their range 
and accuracy in conditions with noisy and cluttered data, as well as their cost and 
accessibility. Additional sensor technologies may integrate further compositional or 
structural details to ultimately produce insights beyond surface geometry that can be 
communicated through integrated digital platforms for data access and exchange. 
Further technological development will lower the time and labour costs during data 
collection, processing, and analysis. 
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3.1 Scanning Technologies: An Overview 


Digitalised processes in the built environment require large amounts of data to 
describe an existing environment or new designs. To be useful, this data must be 
drawn from, or at least informed by, the physical world. This data is often encapsu- 
lated in building information modelling (BIM), which combines formal, composi- 
tional, and temporal information about a designed or completed building (Quirck 
2012; see also Chap. 1 by Koutamanis on BIM and digital twins). The adoption of 
BIM, however, is incomplete: only 25% of EU countries mandated BIM for new 
projects as of 2019 (Charef et al. 2019), so many buildings lack models. Since BIM 
is mostly only used during design and construction, the models that do exist may 
become outdated (Heaton et al. 2019). 

While digitalisation as a whole addresses the incorporation of digital processes 
into the industry, one central process is gathering data through digitisation. When 
working in a data-scarce environment, digitisation injects new information through 
procedures of measurement, description, and consolidation. One foundational type 
of digitisation in the field of architecture, engineering, and construction (AEC) is the 
capture of physical and spatial data, a set of processes often collectively referred to as 
reality capture. Data from reality capture technologies directly feed BIM and geo- 
graphic information systems (GIS) (Waters 2018), which often deal with volumes of 
data for which manual data capture is impossible or inefficient. This technology is 
used at several stages throughout the building life cycle. 

Spatial digitisation technologies — generally either laser-based light detection and 
ranging (LiDAR) or image-based photogrammetry — are utilised to capture data in 
large volumes. Both produce dense data in the form of point clouds: collections of 
individual points in space with associated data such as colour, reflectivity, or surface 
angle. Depending on the application and hardware, these clouds can cover scales and 
levels of detail from individual components to landscapes (Fig. 3.1). This data is then 
analysed using methods specific to its application to produce useful information. 
Geometrically processing point cloud data in semantically useful ways presents 
unique challenges compared to, for example, image analysis, because point clouds 
are inherently irregular, unstructured, and unordered (Bello et al. 2020). 


Fig. 3.1 Point clouds at the individual component scale (left: HIR building roof truss, ETH Zurich 
H6nggerberg Campus), building scale (middle: Kopfbau Halle 118, Winterthur), and landscape 
scale (right: rehabilitation clinic and grounds, Bettingen) 
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The relative efficiency, cost, and accuracy of reality capture methods distinguish 
their use for different situations, as the structure and depth of the data itself is 
generally standardised. For example, measuring deflection of structural components 
requires high accuracy, whereas capturing residential interiors for real estate requires 
communicating the visual experiences in high volume, without the need for 
millimetre accuracy. Within this range, LIDAR technology can produce very accu- 
rate measurements. LiDAR records distance by recording the time of flight (TOF) of 
a reflection of a laser from a relevant object in a scene. Millions of measurements are 
taken using different coverage strategies for moving through the site and combined 
with colour photography to create point clouds realistically coloured for the scene. 
These systems can be attached to unmanned aerial vehicles (UAVs), mounted on 
tripods, or operated as part of handheld or smartphone-integrated models. The TOF 
method can retain an accuracy of 5 mm or better at 100 m distance with contempo- 
rary hardware (Wu et al. 2022). 

In scenarios with many captures over time, the efficiency of each capture 
becomes more important. This is a key scenario for the usage of mobile LIDAR 
systems, which continuously capture data over a path through a site, rather than from 
fixed positions. These systems may be handheld or attached to a variety of auton- 
omous or driven vehicles. On average, these systems involve a trade-off of accuracy 
for speed (Di Stefano et al. 2021). 

Alternatively, photogrammetry compares and triangulates distances from photo- 
graphs to produce measurements. For the typical ‘structure from motion’ method of 
photogrammetry, photographs taken during a continuous walk through the site or 
from many sources over time are used to produce coloured point clouds. Photo- 
grammetry is significantly cheaper than LiDAR, as it can be captured with standard 
smartphone models, and it can be more efficient, especially if capture is taken with 
video. Photogrammetry may, however, need additional manual work to correctly set 
the scale and orientation of a captured scene. 

Some applications of reality capture may fuse different data sources depending on 
the data requirements and context. For instance, reality capture at the city scale may 
combine an overview of photogrammetry data taken from an aerial source with more 
detailed street-level LIDAR or photogrammetry, with the goal of maintaining com- 
plete coverage while allowing maximum detail in all areas. 


3.2 Scanning Technology in the Built Environment 


Although the construction industry has been slow to adopt comprehensive 
digitalisation, digitisation and reality capture have been adopted in applications 
throughout the building life cycle. As a first example of digitisation used in the 
industry, scanning is used on raw materials before construction even begins. 
Stockpiled materials such as sand for concrete production are scanned with extended 
tripods so they can be better managed and tracked. To avoid the accumulation of 
errors when only recording amounts of ingoing and outgoing materials, periodic 
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scans of the entire stockpile can be taken, and volumes can be estimated from the 
resulting topology (Manish et al. 2022; Zhang and Yang 2019). These volume-based 
measurements may also be used to estimate excavation volumes for earthworks or 
the value of used material when working with sprayed concrete. 

Many applications of scanning relate to specific BIM representations of build- 
ings. Scans may either be used to compare data to a known existing BIM model, 
known as scan-vs-BIM, or to generate an entirely new model, known as scan- 
to-BIM. A second example of digitisation in construction makes use of scan-vs- 
BIM for combining and comparing dense spatial and often temporal data to track 
how buildings develop over time: large-scale progress tracking, for example, can be 
used in construction monitoring to find which components have already been 
installed at a particular point in time and to detect errors, such as if components 
have been installed or fabricated incorrectly. Both goals require a highly detailed 
BIM model as a goal state for the building. Overlap between the BIM model and the 
collected datapoints (or point cloud) can be checked to see if a particular component 
has been installed or to look for differences that reveal incorrect sizes or installation 
locations. 

A third example of digitisation in construction can be found during a building’s 
operational life span, when large-scale reality capture is also applied to monitor for 
defects or deformations that may affect their safety and usability (Guo et al. 2021). 
Monitoring deflection is similar to monitoring construction deviations: using an 
existing BIM model, individual element positions are compared to the local point 
cloud to detect deflection or rotation over time. The knowledge of the complete 
structural system allows for the system to detect which deviations represent the 
greatest immediate danger (Kaartinen et al. 2022). Other types of defects that can be 
monitored include cracks, spalling, and corrosion visible on the surface of timber, 
concrete, and steel structures. While these can be detected by comparing them to a 
BIM model, they can be more specifically identified by the unique geometric effects 
on the material surface, using techniques similar to 2D image analysis (Tzortzinis 
et al. 2022). For some materials, these types of digitisation may also involve a direct 
fusion with image-based techniques, where 3D data is used to broadly locate the 
critical areas in the component, while the specific defect detection is carried out 
using accompanying photographic information (see Chap. 4 by Armeni et al. on AI). 

Digitisation is also used during the operational phase to maintain up-to-date, 
as-built modelling for facility management. During a building’s life cycle, the digital 
twin of a building can be used to manage facilities, track changes, and optimise 
processes. This enables computer-aided facility management. 

Monitoring defects by using reality capture has many applications in the fields of 
building heritage and preservation in particular. Similar techniques to those used for 
contemporary buildings can help detect and analyse defects in historic structures, 
though aimed at a wider array of damage and design scenarios in older structures. 
Assessments often lack existing documentation, so defects can be detected solely by 
their unique spatial characteristics. In scenarios with obvious damage or missing 
components, digitisation can also create highly detailed recordings for models used 
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in the automated production of replacement and repair components (Weigert et al. 
2019; see also Chap. 7 by Chadha et al. on additive manufacturing). 

Scanning and digitisation can also rapidly capture historical sites as a whole for a 
complete view of their layout or design. Depending on the scale, ground-based 
mobile LiDAR systems, aerial systems, connected to low-flying aircraft, and UAVs 
or other drones might be useful (Adamopoulos and Rinaudo 2021; Rodriguez et al. 
2019). 

Different types and depths of digitisation are used throughout the building life 
cycle to manage construction, ensure its correctness, and check for problems over 
time. BIM information is often compared to the captured data, but the results often 
do not make it beyond the stage of capture to be communicated to other relevant 
parties, as the industry has not adopted comprehensive digitalisation. 


3.3 Scanning Technology for a Circular Built Environment 


The measurements and data that scanning technologies and digitisation collect are 
often not new in construction; human workers could collect (and historically have 
collected) similar data. The true value of digitisation technology comes from the 
large volume and efficiency of gathering digital data. Since the technology enables 
the rapid capture of entire buildings and structures, digitisation of the entire active 
built environment becomes a possibility. This technology could help close material 
loops in the built environment by efficiently tracking and working with the unique- 
ness of individual material components at a large scale after their initial life span. 

Post-demolition material reuse is the primary method for closing material loops 
today. Historically, balancing supply and demand with uncertainty from the procurer 
regarding the history (and, thus, reliability) of a specific reused component has 
hindered post-demolition material reuse (Hobbs and Adams 2017). These challenges 
could be mitigated by thorough and data-rich inventories of components that are 
available or will soon become available (Chap. 5 by Honic et al. on material 
passports). 

Scanning and digitisation can provide a source for these inventories in the form of 
automated inventory making or scan-to-BIM, primarily making use of techniques for 
identification and description, in contrast to the connection and comparison 
performed for scan-vs-BIM. BIM documentation of existing structures hinges on 
the connection between physical measurements and digital representations. Tradi- 
tionally, human workers would draft from a series of manual measurements; more 
recently, they have drawn BIM elements over a point cloud, using their own 
judgement in response to noise and misalignments. Nowadays, contemporary 
research is increasingly enabling automated assistance in the generation and con- 
struction of BIM models. 

Analysis techniques of construction verification and defect detection 
(as described in Sect. 3.2) require scan-to-BIM to combine noise handling, compo- 
nent detection, measurement, and material description concurrently. The complexity 
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of techniques needed to identify building components and features depends on the 
components they handle. Some features may be identified through simple statistical 
analysis — for instance, the level of each floor may be identified by determining the 
highest concentrations of points from a series of horizontal slices through the 
building cloud. Individual elements with minimal surface detail (such as interior 
walls) may instead use a geometric approach — algorithms such as random sample 
consensus (RANSAC), which finds patterns in high-noise environments, are used to 
identify simple geometry primitives such as planes and cylinders within a dataset, 
which can then be further refined to locate doors or windows. Alternatively, the 
system may handle all interior components and objects simultaneously using tech- 
niques borrowed from 2D computer vision (which generally deal with image pixels). 
Here, each point is individually classified using deep learning techniques as one 
of several common classes for the type of site, which may be further instance- 
segmented into individual components (see also Chap. 4 by Armeni et al. on AJ). 

In all cases, the identified points are condensed into a single BIM element, at 
minimum containing information on the component’s position and dimensions (such 
as the wall thickness or structural profile). From here, additional relevant information 
is extracted and integrated. Descriptions of the connections between elements are 
particularly relevant for making decisions about reuse. This may be at the fine-grain 
level — such as in determining details about a structural connection — or at a larger 
scale, such as for extracting the larger web of relationships between elements in a 
structural system. This BIM model can then be used as the basis of a component 
inventory for the building. Depending on the level of detail, these records can be 
used to estimate the economic value of or potential for reducing emissions by reusing 
the building’s components, assisting deconstruction groups in planning removal 
operations, or helping designers and contractors estimate the amounts of local 
materials that will soon be available. 

Scanning and digitisation may also be applied to material streams after demolition 
or deconstruction has occurred. In these cases, the system only has to consider a 
single component at a time, so analysis can be focused on capturing specific 
dimensional information or various types of defect detection, as described in Sect. 
3.2. On an urban scale, scanning technologies such as airborne or satellite data can 
also be used to construct or enrich existing digital models. In addition to applications 
of 3D urban models ranging from solar potential analyses to a wide variety of 
environmental analyses (microclimate, flooding, etc.) to dynamic thermal simulation 
of buildings (Malhotra et al. 2022), they can be used to predict future trends for 
reuse. By combining geometric data with data on materials, material stocks can be 
identified on a larger scale and used as a basis for a material flow analysis. 

By using scanning and digitisation techniques, scan-to-BIM can connect reality 
capture to reuse operations. While assistive modelling tools are increasingly being 
used in practice, fully automated methods have not yet seen commercial implemen- 
tation. Active research is continuing for addressing finer details (Zhou et al. 2021; 
Yan and Hajjar 2022) and overcoming gaps and noise in data (Park et al. 2022). 
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3.4 Industrial Implementations of Scanning 
and Digitisation for a Circular Building Environment: 
Concular 


While industry use of LiDAR and digitisation began with applications for detecting 
defects and manual drawings from scans, the importance of inventories and large- 
scale scan-to-BIM is prompting further practical implementation. The German start- 
up Concular is a primary example of a company that is applying scan-to-BIM to the 
circular built environment. To improve resource efficiency within the construction 
sector by closing material loops, Concular has developed a platform for matching the 
supply and demand of reusable materials (Concular 2021). 

High reuse and recycling rates are crucial to achieve a circular construction 
sector. The reuse of materials and products must be considered in the design and 
building process, especially in anticipation of the end of the building life cycle. To 
this end, Concular is developing a platform storing material, component, and 
building passports to represent and reintroduce the materials used in a building 
throughout its life cycle. The dataset storage method for the building passports can 
be continuously updated during the material, component, and building life cycle. 
The resulting database of reusable material and components is utilised for estimating 
amounts of available resources and finding appropriate circular sources. An essential 
function of Concular’s database is the ability to connect digitised 3D models to the 
platform. Existing and new buildings can be added through open-source interfaces 
(IFC or CSV file formats). However, there is often little or no digital information 
available on buildings built before 1978 (which account for 75% of all structures), 
meaning most of our built environment is only accessible via analogue plans if at all 
(Metzger et al. 2019). 

An ideal dataset would include digital plans, an overview of the current renova- 
tion or planning status, and information on building materials and their suitability for 
reuse. Scanning technology offers an accurate and potentially efficient way to 
digitise the built environment and provide applications such as Concular with the 
necessary BIM data. Within this context, Concular focuses on the technical devel- 
opment of a unique database model that combines relevant data formats in the 
building industry with the capture as well as tracking of building elements. A 
scan/capture phase first evaluates 2D plans and records, including recognising the 
building envelope or envelope elements from floor plans. Then, 3D scans capture 
rooms to accurately locate building elements within a floor plan. This is primarily 
accomplished with photogrammetry, which leverages the image data to gain infor- 
mation on materials and qualities of single products and building elements during 
building assessments. The data generated by these capture methods is stored within a 
building life cycle passport on a platform provided by Concular. 

Additional technical details relevant to further connections, such as GIS data and 
product-specific sustainability information, are also mapped to the building elements 
within the passport. To deal effectively with many elements at scale and verify the 
quality of the data input of the relevant file standards, an artificial intelligence (AD 


48 M. Gordon et al. 


application is trained through test projects to assign this sustainability information to 
the materials, products, and components. 

Building life cycle passports store updatable information on trackable materials 
and products contained at the building level. As a result, they provide project 
managers and building owners with an overview of the materials and products 
used in their buildings, as well as the ability to evaluate buildings by carbon 
footprint, recyclability, or circularity. A ‘living’ building passport allows for changes 
during a building’s life cycle, by updating information on products transferred 
between buildings or replacing and digitally renewing defective products. Linking 
building passports to external product passports enables detailed information (such 
as service cycle, replacement duration, circularity, and availability) about products 
and components to be retrieved, compared, or exchanged. Trackable technical 
details can be stored within a building product, material, and property table 
(Chap. 5 by Honic et al. on material passports). 

Scanning and capture technologies help create the volume of data necessary to 
digitise the built environment. Subsequently generated BIM data is then available to 
analyse and evaluate the aspects of sustainability and reusability on an adequate 
scale. Data collection is supported by AI automation in relevant areas while 
supplemented by additional external data collected in traditional ways. While a 
fully automated scanning process is technically feasible, the costs of both manual 
and automation-assisted intensive building assessments, plus the need to transform 
and standardise data formats, are still prohibitive to fully automating the process. 
Nevertheless, providing clear use cases to a variety of stakeholders, such as building 
owners and planners, encourages further adoption. 

Obtaining data about the built environment is essential for urban mining and 
reusing materials and building components in a circular manner. Concular’s plat- 
form allows this data to be stored and made accessible in order to close material 
loops and reduce the amount of new resources needed for construction. 


3.5 Business Models for Scanning in a Circular Built 
Environment 


The circular economy retains and maintains the embedded value of products by 
creating continuous closed loops of materials or product parts and reclaiming value 
lost to waste. Today, the lack of available data through secure, quality assured, and 
automated methods is one of the main obstacles that industry actors point to when 
creating new circular value networks (Deloitte 2019). There is usually no digital 
information available on buildings predating the adoption of digital planning and 
tracking tools — information that is necessary for judging the suitability of reusing 
components for specific new uses. In addition, information is lacking on sustain- 
ability factors (e.g. embodied carbon emissions), and open interfaces to existing 
historical information often do not exist. Thus, evaluating a building’s circularity 
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potential and the necessary deconstruction according to ecological or sustainability 
measures remains a challenge, and doing so requires great manual effort by experts 
and reviewers. Data digitisation and capture via scanning can significantly reduce 
that effort and has relevance for stakeholders across the entire building sector. 

The representations of existing buildings created by digitisation technology can 
be used to generate BIM models as a basis for renovations, retrofittings, or assessing 
reuse potential. For project developers as well as building owners, scanning can 
provide an overview of current building conditions as well as information on 
building elements. A detailed assessment of material and products is then possible 
through digital capture, and scan-to-BIM offers additional possibilities for analysis 
and evaluation of the building mass both in terms of economic calculations and 
sustainability and compliance. Calculating the material worth of materials and 
products for reuse or recycling increases the potential economic value of buildings 
and offers a more productive use of leftover materials. 

BIM data is used as the basis for life cycle analyses, which enable the assessment 
of a building’s compliance with sustainability standards and reveal areas for 
improvement. This also has implications for investors and property owners. Project 
developers and building owners who want to access ‘green finance’, for example, 
must ensure that their projects are resilient to climate change and resource scarcity. 
These requirements impact the financial market of sustainable investment but also 
the work of planners. As the demand for taxonomy-compliant properties increases in 
the future, sustainable investing will become relevant for private investors and 
governmental funding alike. Capture and scan-to-BIM technology contributes to 
demand for resource efficiency and creates measurable sustainability standards 
relevant for investors. 

Companies offer digital BIM models for different project purposes such as 
renovations or retrofittings. Companies such as Plan3D, for example, offer as-built 
surveys of listed buildings and technical installations, deformation studies, and 
visualisations for marketing purposes (Plan3D 2021). Concular’s services are an 
example of a complementary platform model that stores the resulting data and 
provides analysis tools in a subscription-based software-as-a-service model. 

Scanning and capture technology can also provide a connection between digital 
planning and physical reality during the construction process. By monitoring the 
progress and placement of building elements, scan-vs-BIM supports planners and 
construction companies in planning new building projects and identifying potential 
construction issues. Components may also be tracked individually, for example, 
with embedded radiofrequency identification (RFID) chips or codes from production 
to gate to on-site application, where data can be updated in real time (Strabag 2023). 
This also allows manufacturers to track their products over an entire life cycle, 
thereby establishing takeback or refurbishment processes and diversifying material 
resource flows. 

Scan-to-BIM can also capture necessary information as a basis to create inven- 
tories of reuse components for the planning process, including information on their 
availability or material makeup and on the geometry of building elements. In order to 
provide predictive information on material availability and flows, building-specific 
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capture has the potential to be supplemented with large-scale datasets. For example, 
large-scale 3D building models are made freely available by surveying agencies as 
open data or are available for a fee as a file or as a web service (Geiger et al. 2022). 

During the process of deconstruction, similar advantages can be gained: digital 
capture makes it possible to collect the necessary structural information as well as 
more detailed assessments on the location of pollutants. Building surveys and audits 
can quickly and accurately portray existing building conditions, including dimen- 
sions, structures, and finishes to generate BIM models for assessing reuse potential. 
As a basis for urban mining, this can be used for informing the planning process and 
resource availability. 

These use cases provide an outlook on the possibilities to offset the current costs 
of labour- and time-intensive digitalised processes by establishing new applications, 
especially within the framework of urban mining and circular construction. Key 
factors for the application of scan-to-BIM within the built environment are high- 
quality, accurate results with concrete economic benefits. Adoption of circular 
principles is further fuelled by current political developments to reduce CO, emis- 
sions and diversify resource flows. For example, the European Commission has 
stated its intention to make Europe the first climate-neutral continent by 2050 and to 
create a nearly climate-neutral building stock (European Commission 2018). The 
necessary analysis of our built environment as a basis for reuse is only possible with 
large-scale digitisation — which can be reached by using large-scale methods such as 
capture and scan-to-BIM technology. 


3.6 Discussion 


Digitisation technology addresses an immediate gap in material recovery and 
reuse today — it provides an efficient, effective, and available way to fill a lack of 
knowledge about the location and quality of relevant materials. The density and 
coverage of models created by digitisation technologies contribute to the geometric 
side of digital twins (Chap. 1 by Koutamanis discussing BIM and digital twins), 
more complete and up-to-date building records, and building an initial record of 
pre-digital buildings. These technologies are increasingly being applied in different 
stages throughout the standard building life cycle and by reuse actors, such as in the 
case of Concular outlined here. 

Going forward, automation and ease of access will be major factors in the further 
adoption of these technologies. Effective automation will be dependent on the 
development of focused models and machine learning systems for the reuse context. 
Existing machine learning work using 3D scans often focuses on natural features, 
geographic applications, or furniture and fit-out features in the building domain. 
Identification and analysis of construction components require the compilation of 
entirely new datasets. The specific needs of these models create unique challenges 
for analysis. The geometry of products and components may vary heavily, especially 
by region, leading to possible unexpected difficulties in generalising information 
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about products. Additionally, the ability to recognise and process components from a 
variety of vernaculars and styles speaks to the design effects of circularity, where, for 
instance, a region may want to maintain a historic style while utilising components 
from nearby areas or alternatively create new combinations. 

The contemporary adoption of scanning and scan-to-BIM technology still faces 
some existing challenges. Immediately relevant is the high entry cost for the capture 
hardware, with building-scale terrestrial models often costing more than 50,000 
Euros. While accessible models are becoming widely available, the best resolution 
and accuracy may still be inaccessible for smaller groups interested in utilising 
digitisation, especially in scenarios requiring many captures over a period of time. 
Additionally, safe and efficient long-term storage of the huge volume of data 
required for a large portfolio of sites presents new operational challenges. These 
concerns may be mitigated through collaboration with specialised groups providing 
scanning services and with expertise in large-scale data processing and data storage. 
Finally, contemporary scanning technology can only gather a limited amount of 
detail about each component. Information about possible interior damage, the 
composition of multilayer parts, or even the materiality of painted surfaces must 
still be gathered through other technology or through manual means. 

Going forward, technological advancements in scanning and capture technology 
will directly allow for a continuous record of buildings. While higher-end models 
will always be necessary in high-accuracy scenarios, the form factor and cost of 
LiDAR technology are already becoming accessible at the smartphone scale. Fur- 
thermore, image-based reconstruction is increasingly merging with deep learning 
techniques, fostering more accurate reproductions from smartphone hardware cap- 
ture (Heipke and Rottensteiner 2020). As these tools become appropriate for full 
building reconstruction, they will become better integrated in the ongoing operations 
of building managers and owners, thus extending life cycles through target repair 
and ultimately more informed reuse of building components. 

There are also paths for adapting the role of scanning technology in the building 
life cycle. Scanning and scan-to-BIM are often employed currently as a single 
explicit step, as a static representation of the building state. These same increases 
in accessibility will allow for regular or even continuous recording and updating of 
associated BIM models as part of the digital twin concept (Chap. 1 by Koutamanis 
on BIM and digital twins). In the context of circular construction and urban mining, 
it is also possible to provide up-to-date information on large-scale inventories of 
material and components, which are instrumental to closing material loops. These 
continuous and integrated models will be further enhanced with varied data sources. 
Alternative hardware, such as thermal imaging, has been studied to overcome noisy 
and uncertain lighting conditions in building sites, as well as its potential for locating 
hidden mechanical, electrical, and plumbing engineering components (Pazhoohesh 
et al. 2021; Penzel et al. 2019). Understanding the interior of components may be 
addressed by several tomography technologies, such as those using electrical resis- 
tance or ultrasonic audio for studying structural conditions in wood and concrete 
(Karhunen et al. 2010; Zielińska and Rucka 2021). 
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Digitisation via scanning technologies and scan-to-BIM is a key facilitator in a 
digitalised system for circularity in the built environment and is crucial for achieving 
the target of zero-carbon buildings by 2050. Presently, practitioners often lack 
precise pre-demolition information to understand the existing building stock. Scan- 
ning, geometry assignment, and material analysis together address this need. Cen- 
trally, they allow for the large-scale creation of BIM models and geometry for digital 
twins. This information can also aid in creating sharable material passports that 
compile the linked data describing a component’s characteristics, location, history, 
and ownership status in previously non-digitised contexts. Automated techniques for 
capture and analysis are also a central application for AI and computer vision in 
reuse operations. Together, they are a key source of information that powers 
the subsequent systems for material tracking and design in a circular built environ- 
ment as well as improving accuracy, efficiency, and collaboration in the built 
environment. 


3.7 Key Takeaways 


e Effective material reuse requires data about many available sites and components 
to close the loop into new projects. 

e Reality capture technologies record large amounts of spatial data as point clouds, 
collecting useful information about as many relevant components as possible and 
contributing to the digital representation of the built environment ultimately 
needed for circular construction. 

e Point cloud data can inform material passports and qualitative checks throughout 
the life span of a building, facilitating repair operations to slow the life span of 
individual buildings and enabling the analysis and tracking of materials and 
components throughout their life cycle. 
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Chapter 4 
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Abstract Artificial intelligence, and specifically the subfields of computer vision 
and machine learning, has become a topic with great potential for predicting reuse 
patterns in the built environment. With sensors that collect visual data becoming 
more readily available, new opportunities are created to digitalise the built environ- 
ment by applying technologies from these fields. Applications include exploring the 
design space, monitoring construction progress, and improving building perfor- 
mance during operation. Using these applications to increase circularity in the 
built environment requires information about in-use building products and their 
attributes (e.g. type, material, size, geometry, condition, etc.). This information is a 
starting point for many downstream circular processes and a core component of 
circular databases, which can enable designers, constructors, and facility managers 
to follow a circular paradigm. Many advancements have been made in academia and 
industry towards extracting such information from visual and other building data, 
e.g. for the downstream processes of predicting material reusability or automating 
the maintenance of building facades. This chapter presents efforts on this front and 
highlights the gaps in adopting and utilising these technologies for the circular built 
environment, including challenges in developing comprehensive systems for their 
deployment and in robustly evaluating them. It also discusses business and 
organisational considerations with respect to adoption, utilisation, and development 
of the technologies in the circular context. 
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4.1 Introduction 


‘Can machines think?’ asked Alan Turing, a British polymath who explored the 
mathematical possibility of artificial intelligence (AI). In 1950, Turing discussed 
how to build intelligent machines and test their intelligence (Turing A., 1950). But 
what is AI? John McCarthy, a prominent computer and cognitive scientist, coined 
the term in 1956 when he held the first academic conference on the subject. Although 
many definitions span different disciplines, from philosophical to very applied, AI 
can be defined as the computer science field that attempts to develop machines 
(i.e. algorithms and robots) with human-level intelligence, hence creating machines 
that can ‘think’. 

Two of the most well-known subfields of AI are machine learning (ML) and 
computer vision (CV). Both subfields enable algorithms to automatically analyse, 
learn from, and/or derive meaningful information from patterns in data and take 
actions or make recommendations based on that information. The field of ML 
includes deep learning, where a large amount of data is used to teach a neural 
network, consisting of multiple layers of increasing complexity and abstraction, 
how to perform a task. It also includes reinforcement learning, a type of ML that 
learns by doing to identify the best solutions based on rewards and penalties. 
Figure 4.1 illustrates a diagram of AI and subfields discussed in this chapter. 

The field of CV focuses on digital images, 3D point clouds, and other visual 
inputs. Although CV can exist without ML to solve tasks related to photogrammetry 
(such as measuring distances, area, or volume), when combined with ML, it aims to 
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Fig. 4.1 Artificial intelligence and subfields. Machine learning (ML), computer vision (CV), deep 
learning (DL), and reinforcement learning (RL) are all subdomains of artificial intelligence that can 
be employed together for solving perceptual tasks. The decision to combine them depends on the 
nature of the task 
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develop algorithms with human-like visual perception and reasoning. In 1966, the 
Summer Vision Project at the Massachusetts Institute of Technology attempted to 
reach human-like visual perception (Papert 1966). However, the task proved to be 
harder than expected. Decades later, we are still far away from reaching this goal 
even though substantial progress has been achieved with the curation of large 
datasets (e.g. Deng et al. 2009), the development of more powerful computation, 
and the advancements in deep learning algorithms that began around 2010 
(e.g. Krizhevsky et al. 2017). Regardless, CV and ML research have matured 
significantly and entered the daily lives of consumers (e.g. fingerprint identification, 
face recognition, virtual reality games, and more), as well as many industries 
(e.g. retail, agriculture, manufacturing, medicine, and more). In this chapter, we 
examine the impact, potential, and present limitations of CV and ML on a circular 
built environment. 

Throughout the chapter, we refer to using CV algorithms for recognising infor- 
mation on visual data. (Hereafter and for simplification, algorithms that address 
visual perception will be considered as belonging to the CV field, even if they 
contain an ML component.) But how do these algorithms work? Commonly they are 
supervised learning techniques, i.e. during the training process, they are given paired 
data points of inputs (raw data) and correct outputs (the answer that needs to be 
predicted, e.g. the type of an object or a material) to learn the task at hand. Given a 
random unseen input, the goal is for the algorithm to predict the output as accurately 
as possible. The most commonly used algorithms for the above tasks are 
convolutional neural networks, which is a type of deep learning network that can 
operate on image data. This means that datasets with numerous and diverse (paired) 
data points need to be curated that allow the algorithms to gain generalised 
(i.e. broadly applicable) understandings of varying real-world scenarios. However, 
this curation is a difficult process, and, depending on the task, one must carefully 
design the collection and annotation process that creates the paired data points. 

We specifically discuss, among other topics, recognising defects or materials and 
their attributes in the context of the construction industry. This corresponds to the 
following CV tasks: image classification, object detection, and/or semantic segmen- 
tation. Image classification is the task of predicting a single object label for an entire 
image in which the object of interest is highly represented in it. Object detection is 
the task of finding object instances in an image and localising them on it in the form 
of bounding boxes (2D boxes that tightly include all pixels of each identified object 
instance). Semantic segmentation is similar to the previous task, but instead of 
localising an object with a bounding box, an object label is given to each pixel 
that corresponds to it. It should be noted that, in all cases, an object can also be a 
material or any other type of semantic information. In their basic formulation, all 
three tasks follow the close-world assumption. This means that the algorithm has 
knowledge of a fixed set of object labels during training, and any object outside of 
that set is considered unknown or irrelevant. Hence, the algorithm is only able to 
recognise objects that it has been explicitly trained on and cannot recognise new or 
unexpected ones. 
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4.2 Computer Vision and Machine Learning in the Built 
Environment 


Present use of CV and ML at the different life cycle stages of the buildings (whether 
operation, construction, or design) shows the potential that such algorithms can have 
in the domain of architecture, engineering, construction, and operations (AECO) 
towards multiple building lifetimes (Hong et al. 2020). 

The operation stage is one of the first life cycle stages for which CV and ML 
algorithms were developed. In this life cycle stage, algorithms contribute to high- 
performance building operation. The term ‘high-performance building’ means a 
building that integrates and optimises all major high-performance building attri- 
butes, including energy efficiency, durability, life cycle performance, and occupant 
productivity (Act, E. P., 2005). The way such algorithms contribute is by measuring, 
modelling, and predicting building performance for existing buildings based on 
metrics such as energy consumption and loss (Macher et al. 2020; Barahona et al. 
2021; Mirzabeigi et al. 2022; Rakha et al. 2022; Mayer et al. 2023; Motayyeb et al. 
2023) and occupant trajectory and density (Sonta and Jain 2019; Tien et al. 2020; 
Sonta et al. 2021) to develop better strategies and processes for building operation. 
Temperature, stress, and ventilation levels, among other indicators, are similarly 
employed to achieve better user comfort (Acquaah et al. 2021; Ashrafi et al. 2022). 

Digital twins of buildings are being developed to provide more insights into and 
control over building operation processes. (A digital twin is defined as the geometric, 
semantic, operational, and organisational twin of a real-world building in the digital 
world. See more in Chap. 3 by Gordon et al.) They connect metrics, such as the 
aforementioned, with spatial and building system information for more accurate 
modelling and prediction. Presently, a digital twin is a manually updated building 
model that reflects the as-is state of the building, and in most cases, it is an adapted, 
as-designed building information model (BIM) of the building. Research has made 
steps to automate this process with the use of CV and ML for both new and existing 
constructions (Bassier and Vergauwen 2020; Chen et al. 2022; Ma et al. 2022; Pan 
et al. 2022; Kim et al. 2023); however, as mentioned in Chap. 3, the capability to 
fully replicate a building automatically has not been entirely reached. 

During the construction life cycle stage, CV and ML are used to monitor and 
quantify in detail construction progress (Kim 2020). This level of monitoring is not 
achievable through traditional practices which lack automation. These technologies 
can improve construction scheduling by connecting, optimising, and spatially dis- 
tributing sequences of tasks given prior knowledge (Fischer et al. 2018; Amer and 
Golparvar-Fard 2021; Awada et al. 2021; Fitzsimmons et al. 2022). They can, for 
example, automatically count material loaded in trucks to verify delivery to the 
construction site without the use of a human (Yella and Dougherty 2013; Sun et al. 
2021; Li and Chen 2022; Li and Zheng 2023), or machinery (e.g. dump trucks and 
excavators) can be autonomously navigated and operated to relieve humans of 
dangerous tasks and to provide labour despite an ageing workforce or pandemic 
situation (Guo et al. 2020; Ali 2021; Eraliev et al. 2022). They also help ensure the 
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safety of workers by predicting hazardous settings when given visual data with 
respect to their surroundings and activities (Liu et al. 2021; Pham et al. 2021; Tang 
and Golparvar-Fard 2021; Koc et al. 2022; Alkaissy et al. 2023; Xu et al. 2023). Here 
again, the most advanced solutions are still in the research stage, with many industry 
players relying largely on manual and time-consuming work and with a few start-ups 
leading new efforts towards automation or integrating AI into construction work. 
Developing robust, safe, and generalisable solutions that automate entire processes 
remains a challenge. Several technical questions are unsolved, and additional chal- 
lenges include the need for hardware located in strategic positions to track on-site 
activities of humans and machines; problems with illumination conditions, clutter, 
and occlusions that prevent from using CV on site; the absence of clear regulations 
and guidelines with respect to capturing and monitoring human activity on sites; and 
the resistance of construction workers and contractors to introducing these technol- 
ogies on site (especially given the absence of regulations and guidelines). 

The design stage is one of the most recent stages to benefit from CV and ML 
technology. Although expert-based AI algorithms have been developed since many 
years for the design stage (Maher and Fenves 1985; Fischer 1993), data-driven 
methods have mainly started to appear since the development of generative adver- 
sarial networks (GANs). GANs are a type of deep neural network that allow the 
generation of new data points by synthesising learned attributes and patterns given 
an underlying dataset. These networks are mainly used to generate 2D facades or 
small-scale simplified floor plans (Chaillou 2020; Chang et al. 2021; Nauata et al. 
2021; Bisht et al. 2022; Sun et al. 2022; Yin et al. 2022; Zhao et al. 2023). These 
approaches demonstrate promising results, but there are certain shortcomings. GANs 
are well known for being hard to train and for suffering from mode collapse where, 
no matter the input, the algorithm will continually produce the same exact result. 

The use of CV and ML goes beyond the spatial scale of the building: to the 
smaller scale of materials to the larger scales of neighbourhoods and cities. In 
addition to counting materials, CV algorithms are employed to recognise the type 
and spatial extent of material in images (Bell et al. 2015; Upchurch and Niu 2022). 
Most applications recognise the material of objects in daily indoor environments 
with the goal of enabling robotic agents to perform tasks. For example, the knowl- 
edge of the material on a traversable surface can inform the agent of how much 
friction can be expected (Suryamurthy et al. 2019; Hosseinpoor et al. 2021; Guan 
et al. 2022). Also on the material scale, CV algorithms have been used to understand 
the condition of materials, to detect defects (e.g. cracks on concrete), and to monitor 
the effect of time on them. This is very commonly applied in infrastructural settings, 
e.g. in tunnels, roads, and bridges (Dung et al. 2019; Fan et al. 2019; König et al. 
2019; Xu et al. 2019; Li et al. 2020; Liu et al. 2020; Lei et al. 2021; Yu et al. 2021). 
In the scale of neighbourhoods and cities, CV is used to create 3D maps with the use 
of drones and satellite images, respectively, as well as to identify the land use type 
and material of a patch of land (e.g. vegetation, house, road) (Albert et al. 2017; 
Diakogiannis et al. 2020; Rousset et al. 2021) and to detect changes that take place 
over time (Shi et al. 2021; Zheng et al. 2021). Reinforcement learning is often used 
in the scale of cities to define new or renewed models for different types of 
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transportation (e.g. private vehicles, buses, trams, trains, etc.) (Haydari and Yilmaz 
2020). 

Although the aforementioned applications progress the state of practice in several 
tasks that relate to creating and maintaining the built environment, they do not create 
a cohesive ensemble. In almost all cases, applications of CV and ML are viewed in 
isolation, without considering potential information exchange or the creation of 
standards for the collection, sharing, and processing of this information with differ- 
ent stakeholders. The AECO domain typically approaches projects in this way — ina 
siloed and non-centralised manner where knowledge learned from one project is 
limited to the people involved and not in processes and data. 


4.3 Computer Vision and Machine Learning for a Circular 
Economy 


CV and ML methods can be used to foster a transition towards a circular economy 
(CE). We will be approaching this from three levels: micro, meso, and macro 
(Ghisellini et al. 2016). The micro level focuses on a particular company, consumer, 
or product; the meso level on eco-industrial networks or supply chains; and the 
macro level on regions, cities, and municipalities. We will also approach this from 
four main resource loop strategies: narrowing, slowing, closing, and regenerating the 
loop (Bocken et al. 2016; Cetin et al. 2021). 


4.3.1 Narrowing the Loop 


Researchers have been investigating how to narrow the loop by minimising 
resources via improving efficiency (Bocken et al. 2016; Cetin et al. 2021) on several 
aspects of building performance during the design process. This commonly involves 
developing techniques that generate designs by jointly optimising several variables, 
such as those related to structural integrity (Kraus et al. 2022; Malaga-Chuquitaype 
2022), fabrication (Ramsgaard Thomsen et al. 2020), waste (Akanbi et al. 2020), 
energy (Ptoszaj-Mazurek et al. 2020; Di Natale et al. 2022; Tien et al. 2022), wind 
(Kareem 2020; Wang and Wu 2020; Li and Zheng 2023; Li and Yi 2023; Zuo et al. 
2023), and more. The goal is to generate a design that serves exactly what is needed 
by the project definition. This line of work integrates domain expertise and proven 
mathematical or physics theorems to guide the design process. Such prior knowledge 
is essential for ML execution; although data-driven methods have the advantage of 
learning from real-world data distributions (i.e. learning from how the real-world 
looks and behaves), if left unconstrained, there is a high probability that they will 
make associations from data that do not lead to plausible solutions. Thus, approaches 
have employed physics-based reasoning, reinforcement learning, and other domain 
knowledge and constraints to steer the learning process. 
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Other researchers are exploring new methods of design and construction by using 
waste materials from the demolition of structures with the help of material-informed 
reinforcement learning (Huang 2021). However, the process includes time- 
consuming steps, such as a full high-resolution scan of each material fragment in 
isolation. In the future, easier pipelines should be explored that do not require high- 
end and expensive capturing systems in lab settings. Instead, pipelines and systems 
should be highly automated, operate in different conditions, and employ commodity 
devices. Fragkia and Foged (2020) proposed a new integrated circular design 
workflow that employs ML to predict fabrication files of material components for 
robotic production that follow specific material performance and design require- 
ments. Such an approach optimises material distribution and promotes material 
economy. Akanbi et al. (2020) developed a deep learning method to predict the 
demolition waste of a building given basic building features, such as gross floor area, 
volume, number of floors, building architype, and usage. The authors demonstrate 
the use of the method to predict waste from four different design alternatives of a 
building. The above can be categorised as being at the micro level. 

At the macro level, Cha et al. (2023) developed an ML algorithm to predict the 
demolition waste generation rate for cities in South Korea under redevelopment. 
They gathered data from hundreds of buildings before and after demolition. For the 
prediction, they employ as input similar information as Akanbi et al. (2020), on 
location, structure, usage, wall type, roof type, gross floor area, and number of floors. 
Such an algorithm can provide valuable information on the generated waste in case 
of demolition (or deconstruction), hence enabling to design regions that produce less 
waste and as such more sustainable. 


4.3.2 Slowing the Loop 


Achieving longevity of the built environment requires adopting appropriate mea- 
sures for preventative maintenance (Cetin et al. 2021). In turn, a well-maintained 
product — be that an entire building, an element within, or a material — results in 
higher reusability potential in the future. Of particular interest for preventative 
maintenance is the understanding of a product’s condition, early detection of any 
defects, monitoring of their progression to ensure appropriate intervention, and 
predicting remaining useful life (Khuc and Catbas 2018; Srikanth and Arockiasamy 
2020; Dong and Catbas 2021; Li et al. 2021; Berghout and Benbouzid 2022). 
Researchers employ CV algorithms to inspect infrastructure projects whose failure 
mode can have catastrophic consequences, such as bridges (Galdelli et al. 2022), 
tunnels (Tichy et al. 2021), and dams (Khaloo et al. 2018; Feng et al. 2020). A 
common pipeline consists of the following steps: (1) capturing video sequences and 
point cloud data with scanners or cameras, (2) processing this data to identify and 
analyse defects and localise the defects on the 3D model, and (3) comparing the data 
with the previous state of any defects. Not all steps are fully automated, and user 
participation is required to complete them. In the case of ML, critical data, such as 
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year of construction, traffic load, and temperature range, are used to predict the 
remaining life of a product. To achieve this, historical data from inspections of 
similar products are extracted from — public — databases. 

Although the ultimate goal of many such pipelines would be to reach full 
automation, it is unrealistic to expect that we can fully achieve this goal while 
guaranteeing robust algorithmic performance, especially in high-stakes settings 
(e.g. dam collapse). The inclusion of a user can bridge the gap between automation 
and accuracy requirements (Muin and Mosalam 2021). However, user actions 
should be integrated into helping the algorithm increase learning capacity over 
time with human-in-the-loop techniques (e.g. reinforcement learning-based). Such 
techniques involve human and machine collaboration, where input from the (human) 
user serves as a learning signal for the machine to correct or further expand 
previously learned states. 

One might ask: why do we need both image and point cloud data? To answer this, 
we need to make the distinction between images and point clouds: images capture 
high-resolution information related to colour, edges, and texture, whereas point 
clouds capture geometry, shape, and general 3D composition. Hence, detecting 
defects that relate to cracks, discolorations, texture changes, etc., requires images, 
since point cloud data is not able to contain this visual information. On the other 
hand, detecting general structural failures, such as bending, dislocation, etc., requires 
geometric cues, which are contained in point clouds and are not easy to extract from 
images. With photogrammetry, one can create point clouds with a sequence of 
images (video), but the final point density is lower and geometric error is higher, 
which makes this technique less appropriate for this type of analysis. (For more 
details on photogrammetry, see Chap. 3 on scanning technologies by Gordon et al.) 


4.3.3 Closing the Loop 


With respect to closing the loop, and essentially reusing or recycling materials 
(Bocken et al. 2016; Cetin et al. 2021), CV can play an instrumental role in 
managing materials and waste by identifying useful recovery pathways at various 
scales during a project’s life cycle. On the micro level of recycling or reusing 
materials, CV algorithms can be used to reduce labour costs by automating the 
classification of recyclable materials (Mao et al. 2021; Zhang et al. 2021) at the end 
of a building’s life in sorting centres. The classification of scrap metals and estima- 
tion of their masses (Diaz-Romero et al. 2022) can also be carried out to obtain a 
better understanding of the physical properties of the objects being sorted. Multilabel 
waste detection models are additionally being explored to identify glass, fabric, 
metal, plastic, and paper waste (Zhang et al. 2022), as well as earth-based compo- 
nents such as concrete, clinker, and bricks (Kuritcyn et al. 2015). For effective 
construction and demolition waste management, inspectors at disposal facilities 
must determine the amount of different waste components loaded in incoming 
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trucks. The large quantities of waste and their mixed nature make it difficult to 
access. Chen et al. (2022) developed an algorithm to automatically quantify specific 
materials from a single image obtained from monocular cameras installed on site, 
while Diaz-Romero et al. (2021) built a real-time deep learning system to separate 
cast and wrought-aluminium scrap on conveyor belts. 

To evaluate the reusability of materials at the meso scale, tools are being 
investigated that employ ML on data acquired from networks of organisations and 
companies. At this level, efforts are made to optimise resource use in businesses and 
supply chains. This is achieved by designing products and processes that are 
modular and adaptable for a closed-loop system. An example is the predictive 
model in Rakhshanbabanari (2021) that was built to evaluate using ML the reus- 
ability of load-bearing building elements given data from a network of stakeholders. 
The results of this study indicate that the most important economic factor is cash 
flow implications associated with the need to purchase reused elements early in a 
project. This highlights the need for supply chain innovation to enable the timely 
sharing of resources and collaboration in reuse projects, which can in turn lead to 
significant resource and cost savings. 

In recent years, the use of CV to recognise construction materials (such as 
concrete, brick, metal, wood, and stone) on existing buildings is being increasingly 
explored. This is of particular significance to creating a database of building mate- 
rials in use on a global scale — information that is lacking for the present building 
stock. Material identification from imagery has been previously studied in 
constrained settings, where the imagery contains close-up pictures of the material 
(Dimitrov and Golparvar-Fard 2014), because curating datasets with this type of 
information in the context of a scene, a building, or a neighbourhood is difficult. As a 
result, CV algorithms trained on such data fail to recognise materials under real- 
world conditions and scenarios. 

To overcome this limitation, Sun and Gu (2022) created a dataset of construction 
material found on building facades. The images contain the full building structure 
(facades), but only the prominent building material label is given (i.e. the building 
material which occupies the most pixels). This simplification can confuse the 
algorithm when processing data from regions in the image that correspond to other 
materials. Raghu et al. (2022) generated an image dataset of materials where street- 
view imagery of urban settings is annotated with material labels (for more details, 
see Sect. 4.4). In this case, since a building’s facade is only partially captured within 
one image, the strategy of the one prominent label provides a more accurate 
description of the image content. This is due to the nature of the data; there is usually 
not enough front-facing line of sight from the bottom to the top of a building in 
normal city streets. 

Most existing CV algorithms developed for the circular analysis of material 
stocks focus on identifying the material in a certain image but still lack finer 
granularity with respect to the location, geometry, and boundaries of the materials 
both in the images and 3D space (semantic segmentation of or object detection in 
images and/or 3D data) (Dimitrov and Golparvar-Fard 2014; DeGol et al. 2016; 
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Raghu et al. 2022). This is highly relevant information to create in-use material 
stocks since it can define quantities and usability. Such information can be further 
used for design decisions on reuse in new constructions and would allow the 
development of ML-based approaches that can assist or automatically identify 
these decisions. 

There is vast literature in CV on semantic segmentation and object detection 
algorithms that address the problem of what objects exist in the data on a finer 
granularity. Although the underlying algorithms would be the same when addressing 
the problem of what materials exist in the data, the lack of comprehensive datasets 
that are tailored for CE tasks does not allow the algorithms’ easy use. An example is 
the OpenSurfaces dataset (Bell et al. 2013), commonly used in CV for material 
segmentation. It contains images from occupied real-world indoor environments 
(i.e. they contain furniture and other objects) along with pixel-wise material anno- 
tations for most contained objects. However, these annotations do not include 
building and structural elements that are important in a circularity setting, and as 
such they cannot be leveraged in a CE setting. 


4.3.4 Regenerating the Loop 


Regeneration is about leaving the environment in a better state than before (Bocken 
et al. 2016; Cetin et al. 2021). Zhang et al. (2022) developed a CV algorithm that 
operates on the macro level and detects construction and demolition waste in 
remotely sensed images in China. Specifically, the algorithm localises abandoned 
soil and other waste piled in open environments and targets a more efficient and 
prompt waste management. Konietzko et al. (2020) introduced the ‘regenerate’ 
strategy to place the focus on minimising the use of toxic substances and renewable 
materials. Studies with respect to such regeneration strategies on the macro level 
include calculating the maximum volume of long-term storage depots to optimise the 
flow of mineral resources (Globa et al. 2021) and predicting the presence of 
hazardous materials in urban building stocks (Wu et al. 2021, 2022). Such invento- 
ries can reduce the risk of unexpected costs and delays during the demolition process 
but, most importantly, enable the well-being of users and their surroundings. The 
removal of hazardous materials and their replacement with natural, non-harming, 
potentially reused ones enable a safer and regenerated environment for future 
generations. Cetin et al. (2022) report an AI-based system operating on the micro 
and meso levels with the capability to detect toxic or hazardous contents on building 
facades. However, it is important to carefully perform the disposal of hazardous 
materials; otherwise, the regeneration loop cannot be achieved. As discussed in 
Chap. 15, algorithms can help AECO stakeholders make informed decisions for 
regenerative design and architecture. 

A summary of the above is offered in Table 4.1. Specifically, it contains examples 
of CV and ML use per resource loop strategy explored in this section. 
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Table 4.1 Examples of prominent tasks that CV and ML methods focus on with respect to 
CE. They are categorised per their contribution to each main resource loop strategy 


Narrowing the Slowing the loop Regenerating the 

loop (through (prolonging life Closing the loop loop (improving 

design) span) (recycling/reuse) living) 

Lean structure Material Recyclable material Abandoned waste 
identification identification (end of life) | localisation 


Fabrication rules 


Structural condition 


Building material identi- 


Hazardous material 


assessment fication (lifetime) prediction 
Energy Material condition Material quantification Storage depot 
performance assessment (end of life) quantification 


Material deteriora- 
tion progress 


Reused material 


Remaining useful 
life 


Waste prediction 


4.4 An Example of Using Computer Vision for Mining 
Materials in Urban Settings 


In this section, we describe a research effort of using CV for a CE and particularly of 
creating a material inventory of urban environments using street-view imagery 
towards urban mining. Urban mining is the process of recovering and reusing a 
city’s materials when buildings, infrastructure, or products become obsolete. For 
more information on building demolition valuation and decision-making, we point 
the reader to Chap. 11 on digital deconstruction by van den Berg. This concept treats 
the entire city as a storage depot of prospective materials that can be recovered. 
Information on which materials are available and where they are located in the city is 
key to forecasting their end-of-life destinations. In this context, the discourse on 
buildings as ‘material banks’ is emerging, where high-value materials are retained 
for future use instead of discarding them as waste (BAMB 2022). To achieve a CE, it 
is necessary to adopt long-term and innovative thinking, considering that up to 25% 
of material in a traditional residential structure can be easily reused and up to 70% of 
material can be recycled (Bohne and Weerner 2014). 

The construction sector still faces significant bottlenecks in scaling up urban 
mining. Given the lacking as-is documentation of the existing building stock, 
efficient reverse-engineering tools are required to appropriately quantify waste in 
the built environment. The increase of open access repositories documenting the 
world around us contains untapped potential. Using a street-view image API 
(i.e. application programming interface), ocular observations were conducted to 
analyse building-specific characteristics that can enable reuse using CV by Raghu 
et al. (2022). Images of buildings marked for demolition were retrieved, following 
which material and component detection algorithms were implemented to observe 
the various facade materials and window counts in two European cities (Barcelona 
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ISEARCH| 
Availability of components 


Location: 
47.360, 8.517 


Date of avaitability: 
13/1022 


Status of building 


D ruction in process 


Component Type: 
Windows 


Quantity. 


Dimensions: 


700 x 500 


Fig. 4.2 Visualisation of database with insights on materials and components in supply project 
(or donor project) derived using CV that can be used for new construction projects (image from 
Raghu, D., adapted from De Wolf et al., 2023) 


and Zurich). The algorithm was tested on these two cities to understand the replica- 
bility of the model despite variation in architectural building styles. 

Such forecasting techniques help create a material inventory that designers can 
check to verify the forthcoming availability of components and assess their suitability 
for reuse in new projects. In contrast to other data gathering techniques that are carried 
out at the building end of life, which require complex and sophisticated software 
(Uotila et al. 2021), the methodology developed in this project can help in expedi- 
tiously procuring information about reusable components earlier on in the project life 
cycle. Figure 4.2 illustrates the potential use of CV, specifically semantic segmenta- 
tion of materials and components on building facades. This allows for automated 
recognition and information retrieval of availability of materials for reuse prior to 
building demolition. The planning of new construction projects with a circular agenda 
requires such information about reusable materials, along certainty about their quality 
and quantity, that is provided to designers or architects well in advance. 


4.5 Business Models for Computer Vision and Machine 
Learning in a Circular Built Environment 


Services related to CV and ML in CE are the identification and characterisation of 
building elements; their materials, types, quantities, and conditions; ways to repair 
them; patterns for reuse; and more. These can be tailored to the interiors and exteriors 
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of buildings, and one can consider whether these can be provided as separate 
services. An example is that of Spotr (Spotr.ai 2022), a real estate inspection 
company based in the Netherlands, which has built a tool to conduct digital building 
surveys, thus enabling stakeholders to make well-founded decisions on property 
maintenance. As such, Spotr supports slowing the loop by targeting early identifi- 
cation of damages, hence extending the life of products through timely repairs. This 
information is identified on images collected from various sources, including 
human-captured images, drones, and satellite imagery. Using CV, defects are 
assigned to an exact location which helps easily plan follow-up actions. Spotr then 
enables large-scale analyses by projecting the results on a map to gain insights into 
specific areas. Primary information about the buildings is brought together, includ- 
ing images, information on their constituent elements, and present condition. 

As more and more services are being developed, other aspects need consider- 
ation. While CV and ML are being marketed as a universal solution for many 
problems faced by the industry, the reality is that CV and ML readiness and adoption 
in organisations is slow and uncertain. Stakeholders that can benefit financially from 
these technologies in the frame of CE include real estate agents, asset managers, 
building owners, and construction companies. Although large organisations tend to 
prefer in-house solutions so that they may maintain a high degree of integration with 
and customisation to their existing processes, several considerations should be taken 
into account before deciding on an in-house or external solution. 

First, these technologies require specialised personnel that will be able to develop 
the algorithms and systems from both research and an engineering perspective. 
Second, there is a requirement for certain infrastructure, such as computation and 
annotation services (when lacking access to curated datasets) or patent licencing (for 
CV and ML methods, systems, and hardware for data collection) if building an 
internal database and more. Third, apart from the inherent cost, it is important to 
make the following distinction with respect to in-house and outside solutions: the 
former provides more control, but the latter allows users access to better-performing 
algorithms. Dedicated providers of such services have access to more and diverse 
data that, in turn, can create better generalisable and more robust algorithms. Last, 
one should also consider the benefits and downfalls of performing data collection in 
addition to data processing: this allows companies to keep the data and build 
databases and datasets to train better algorithms, expand services, and sell or share 
the data. However, there is an associated cost with hardware and personnel for data 
collection, especially considering how fast hardware evolves and the bottleneck it 
can create due to the maximum amount of devices one can acquire with respect to 
cost and return on investment. 


4.6 Discussion 


Throughout the chapter, we highlighted limitations related to AI approaches and 
technologies. CV and ML can be considered the eyes and brain of machines, 
respectively, and can play a fundamental role in mapping and understanding what 
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we have at hand now for reuse, maintenance, or demolition, as well as in identifying 
ways to design, fabricate, and construct for a CE. In our opinion, there are three 
fundamental barriers to creating such methods, systems, and tools: 


Breaking Down Silos The AECO industry is known for operating in a very isolated 
manner both in terms of projects and involved stakeholders. However, here we 
would like to point out shortcomings regarding data and processes. CV and ML 
technology, especially in a holistic approach such as CE, cannot be developed in 
isolation without a comprehensive understanding of how to connect the dots 
between different sub-problems. Efforts that take place in isolation result in dupli- 
cating data, processing, and information. Essentially, we should consider how we 
can apply circularity not only in buildings but also in the technology we are creating 
(i.e. recycle data, share data across processes, and more). 

In addition, a non-targeted and convulsive way of trying existing AI methods — 
initially developed for other domains — for circularity will not help solve these 
problems. Practitioners and researchers would benefit from going beyond trying to 
see what existing AI approaches can do for circularity and instead first consider what 
should be achieved for the transition to a CE followed by how AI can help towards 
this goal. Only then should they consider what existing AI methods can solve now 
and what is still needed to be developed. 

Certainly, using algorithms to better understand the micro, meso, and macro 
levels of the world around us is still an open question in the field of CV and ML, 
one that will take time to answer. However, advances in CE should not take place 
after technological developments in the field of AI but instead should proceed hand 
in hand, given the importance of this domain in sustainability and future generations. 


Regulations and Standards What happens when an algorithm provides a wrong 
prediction? What safety measures can we establish — both in terms of technology and 
organisation — to minimise or address such cases? What are the evaluation pro- 
cedures, metrics, and thresholds that we will use to assess CV and ML algorithms for 
CE and that go beyond technical accuracy? How can we ensure privacy and security 
of data storage, processing, and sharing to allow operation on different scales and 
achieve CE in the built environment? What information should be in global public 
databases and what in private ones? What should be funded and how should it be 
regulated by the government and what is in the hands of private companies? How do 
we control and ensure the privacy of information in both public and private settings? 
These are important questions to answer going forward since they can drastically 
alter open access and trust of information on a problem that concerns the entirety of 
humanity. 


Ethical Considerations Using algorithms to create and sustain the built environ- 
ment can offer benefits as long as we have ethical, legal, and environmental 
processes in place to keep the use of such technology in check. CV and ML are 
not only here to automate what humans can already do; they can enable us to explore 
aspects of the data that humans cannot associate or imagine ourselves. In certain 
cases, these technologies will help achieve superhuman understanding of the world 
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around us. However, it is not only in the hands of CV and ML scientists to achieve 
this. Expertise from researchers that address different facets of realising CE needs to 
come together and collaborate with the CV and ML scientists. 

What are fundamental steps going forward? In our opinion, it is imperative to 
formalise the minimum and maximum viable information to achieve a circular built 
environment. With this information defined, decisions can be made by CE and AI 
experts on which technologies can play a role and what developments are required to 
create truly robust systems that operate in real-world settings. 


4.7 Key Takeaways 


e Machine learning (ML) and computer vision (CV) can play a pivotal role in 
circularity, by providing stakeholders with actionable information on the state of 
the building stock. 

e A variety of CV and ML methods can be helpful in each of the four strategies of 
narrowing, slowing, closing, and regenerating the loop. 

e Described methods focus on understanding the present state of the building stock. 
The next step is to develop methods that go beyond this and can propose best 
actions to take, even going as far as implementing actions directly. 

e Challenges in creating global and robust circular CV and ML circular systems for 
the built environment require multidisciplinary collaboration between experts in 
artificial intelligence, circular economy, and the architecture, engineering, con- 
struction, and operations (AECO) industry. 
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Chapter 5 
From Data Templates to Material Passports s 
and Digital Product Passports 


Meliha Honic, Pedro Meda Magalhães, and Pablo Van den Bosch 


Abstract Lack of data and difficulty in tracking materials and elements are two 
major obstacles in the construction industry that hinder the realisation of a circular 
economy. Data templates, material passports (MPs), and digital product passports 
(DPPs) are passport instruments that provide valuable information about buildings. 
Data templates deliver digital standardised data structures for MPs (digital data sets 
describing building characteristics of, e.g. elements) and DPPs (cross-sectoral pass- 
ports developed by the European Union to collect product data for sustainability). 

MPs, which are associated with the built environment, help urban miners and 
building owners assess the value and reuse potential of building materials and 
elements. Several initiatives, such as Madaster, Concular, and Platform CB’23, have 
produced data templates and MPs for new and existing buildings. Challenges to their 
use include the lack of standardisation of data templates and MPs and difficulties in 
collecting and tracing data needed to create and maintain MPs through a building’s life 
cycle. Standardisation would foster the implementation of passports, but aligning 
existing concepts and identifying overlaps remains a present challenge. Future 
research and practice suggest that using geographic information systems, laser scan- 
ning, and computer vision will help deploy MPs more effectively in practice. 
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5.1 Data Templates, Material Passports, and Digital 
Product Passports 


The European Union Circular Economy Action Plan (EU 2020) identified the 
digitisation of material and product information as a key driver for enhancing the 
transition to a circular economy. Several existing concepts are gaining attention in 
the construction industry: data templates, material passports (MPs), digital product 
passports (DPPs), circularity passports, product circularity data sheets, building 
renovation passports, and digital building logbooks. This chapter provides an over- 
view of existing passport approaches. It discusses their common and distinct aspects 
and demonstrates their application to real-world examples and their role as enablers 
of a circular economy. It further presents the business models of Madaster, Concular, 
and Platform CB’23. 


5.1.1 Differences Between MPs and DPPs 


MPs and DPPs are valuable concepts that can enable a circular economy. Both types 
of digital data sets contain valuable information such as material properties and 
potentials for reuse and disassembly: MPs about buildings (BAMB 2020) and DPPs 
about any product (European Commission 2022a). MPs and DPPs make it easier to 
assess the value of materials and elements incorporated in existing buildings or 
products and can prevent them from being demolished or disposed of and enable 
reuse. While MPs, circularity passports, and building passports are more common in 
the built environment, DPPs can be used in any industry (including the built 
environment) and have a focus on products. (In this chapter, MP is used to refer to 
passports in the built environment unless the term DPP is stated explicitly in 
literature or practice.) 

Although the differences between MPs and DPPs are not clearly stated in the 
academic literature, MPs have mostly been applied in the built environment. Many 
MPs exist in academia and practice, yet no consensus on the content, the data 
formats, and the main requirements are given. DPPs are a cross-sectoral, relatively 
new concept by the EU (European Commission 2020a), and they pursue the same 
aim as MPs: a circular economy. MPs lack a regulative framework to standardise and 
align various MP approaches, while for DPPs the backbone (EU regulatory frame- 
work) is established. 

MPs have been identified as the main enablers of a circular economy in the built 
environment next to, e.g. blockchain, artificial intelligence, and building information 
modelling (BIM) (Cetin et al. 2021). The EU Horizon 2020 project Buildings as 
Material Banks (BAMB) defines MPs as “digital sets of data describing defined 
characteristics of materials and components in products and systems that give them 
value for present use, recovery, and reuse” (Mulhall et al. 2017). BAMB describes 
how MPs can be used by various stakeholders across the value chain for different 
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purposes (Luscuere and Mulhall 2018). They can also be generated at the material, 
element, or building scales. An MP can, e.g. indicate the type of timber (material 
scale), display the material composition of a slab (element scale), or show the 
amount of timber used in the entire building (building scale) (Honic et al. 2019b). 
The lack of information on the material composition of buildings is a major obstacle 
in the construction industry (Rose and Stegemann 2019), and implementing MPs 
would allow circular material flows in the built environment. 

In the European strategy for data, DPPs are described as passports that “provide 
information on a product’s origin, durability, composition, reuse, repair and disman- 
tling possibilities, and end-of-life handling” (European Commission 2020a). 
According to the same European strategy, DPPs are “a structured collection of 
product-related data with a predefined scope and agreed data ownership and access 
rights conveyed through a unique identifier”, set on a “decentralised system with a 
central registry” with “information related to sustainability, circularity, value reten- 
tion for reuse/remanufacturing/recycling”. One practical example is circularise (Cir- 
cularise 2023), which ensures supply chain tracking through DPPs. Even though the 
EU regulative framework for DPPs exists, the specific content, data formats, and 
data structures of DPPs are not defined. To enable an implementation of both, MPs 
and DPPs, in the daily practice of companies, their standardisation is needed, 
wherefore data templates can play a crucial role. 


5.1.2 Data Templates for MPs and DPPs 


Data templates are digital data structures used to generate MPs, DPPs, or any other 
digital passport. To establish standardised and structured MPs and DPPs, data 
templates are of utmost importance. Data templates provide data structures or 
“skeletons” that can support all types of characteristics from material to building 
scale of such passports and can be used to generate structured and standardised MPs 
and DPPs. The International Organization for Standardization (ISO) provides data 
templates for the built environment, but they are also used in other sectors, albeit 
often with different terminology. Data templates can also be referred to as “metadata 
structures” or “digital templates” and apply to all industries and areas of activity 
where digitalisation is a trend. The ISO 23387 standard established the information 
and digital requirements for data templates to become digital, traceable, and inter- 
operable (ISO 2020). Data templates enable construction project stakeholders to 
exchange information about construction objects through an asset life cycle, using 
the same data structure, terminology, and globally unique identifiers to ensure 
machine-readability. Data templates set the framework for MPs by providing com- 
mon data structures and are key to evaluating the value of materials and products 
over time (Méda et al. 2020). In this respect, they constitute a key background to 
enable the realisation of a digital twin (see Chap. | by Koutamanis on BIM to digital 
twins) at the building scale (Méda et al. 2021). 
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5.1.3 The Development of Passport Instruments 


The automotive industry was one of the first sectors to adopt passport instruments. 
The International Material Data System, which was introduced in the early 2000s 
(Friihbuss et al. 2000), is used to collect and transfer information about all materials 
in a product across the whole supply chain, thereby supporting the requirements of 
the European End-of-Life Vehicles Directive 2000/53/EC (EU 2000). This EU legal 
document states that a reuse and recovery rate of a minimum of 95% by an average 
weight per vehicle and year should be achieved (Walden et al. 2021). As part of the 
clean energy transition, the electrification of vehicles and, accordingly, batteries 
plays a crucial role. 

A battery passport was introduced in 2019 by the World Economic Forum and the 
Global Battery Alliance, aiming for a sustainable battery value chain by 2030 (World 
Economic Forum 2019). In 2020, the EU mandated battery passports for new 
industrial and electric-vehicle batteries by 2026. Each passport should have a unique 
identifier, be linked to the information about the basic characteristics, be accessible 
online, and be allowed access to information (European Commission 2020b). 

Similar to the battery passport, the EU proposed a regulation in which DPPs would 
be used in “a framework for setting eco-design requirements for sustainable products” 
in March 2022 (European Commission 2022b), which applies to all sectors except 
food, animal fodder, and medicinal products (European Commission 2022b). The 
regulation builds on the European Green Deal, the Circular Economy Action Plan, and 
the Ecodesign Directive. Under this regulation, DPPs should ensure access to product 
information, improve the traceability of products along the value chain, foster the 
verification of product compliance, and include relevant data attributes to enable 
tracking substances. The DPP should provide information on materials’ origin and 
composition, on opportunities for repair and disassembly, and on possibilities for 
recycling and disposal at the end of life (Götz et al. 2022) This regulation shall apply 
to any physical good which is placed on the market or put into service. It includes 
components (a product intended to be incorporated into another product) and inter- 
mediate products (a product which requires further manufacturing or transformation 
such as mixing, coating, or assembling to make it suitable for end-users). 

Other industries that used passports in a very early stage include the shipping 
industry, which introduced a “resource passport” in 2007 (de Brito et al. 2017), a 
“Cradle to Cradle Passport” in 2011 (Maersk 2011), and a “Circularity Passport” 
(EPEA Netherlands 2023). The electrical and electronic equipment industry intro- 
duced a “recycling passport” in 2000 (Hesselbach et al. 2001). 


5.2 Passport Instruments in the Built Environment 


MPs are not new to the built environment. A passport for buildings was first 
introduced by Eichstädt in 1982 and was foreseen as a document that records 
changes and enables a qualitative evaluation of factories (Eichstaédt 1982). In the 


5 From Data Templates to Material Passports and Digital Product Passports 83 


report of the United Nations Environment Programme, the MP “guides materials 
through industrial cycles, routing them from production through reuse, defining 
optimum uses and intelligent practices’ (McDonough & Braungart, 2003, p. 15). 
The Horizon 2020 project BAMB has extensively explored MPs and their use in the 
built environment. 


5.2.1 MPs and Life Cycles 


MPs play a crucial role across the entire life cycle of buildings and materials. A 
building’s life cycle includes every phase from the conceptualisation until the end of 
life. A material’s life cycle starts with the extraction of the raw materials and 
proceeds with the manufacturing process, the use phase, and the end-of-life stage. 
Similar to a material’s life cycle, a construction element’s or product’s life cycle 
begins outside a project context. Most elements and products are produced without 
knowing exactly where or for what they will be used. During their life cycle, 
elements or products might have the same lifetime as the built object for which 
they are used. They might be replaced or even last beyond the life of that specific 
built object. The reuse, recyclability, and disposal of all of those materials, elements, 
and products should be considered in the life cycles. 

Using MPs throughout the life cycle of buildings would facilitate the planning of 
renovations and retrofit (Cetin et al. 2022), thus slowing the resource loops (Bocken 
et al. 2016). MPs could also enable managing sustainable end-of-life material flows, 
such as reusing and recycling materials and elements (Cetin et al. 2022), thereby 
closing the resource loops (Bocken et al. 2016). Environmental impact of all life 
cycle stages can be recorded in the MP to assess the impacts of the entire building 
(Honic et al. 2019b, further described in Sect. 5.4). 


5.2.2 MPs and Digital Platforms 


MPs can be generated to provide information that spans different life cycles and 
scales — from construction materials to elements, buildings, and cities — though a 
standard structure and scale for MPs do not exist. At a city scale (see Chap. 2 by Tsui 
et al. on geographic information systems), using MPs for the building stock and 
embedding them in digital platforms could provide several benefits for municipal 
authorities, urban miners, architects, and waste auditors. Municipalities could, for 
example, plan retrofits and renovations, predict upcoming waste streams, and imple- 
ment sustainable end-of-life streams (e.g. reuse and recycling) in their existing 
building stock. Urban miners would be able to detect where valuable elements and 
materials are located within a city and be informed about when these will be 
available. Architects could design new buildings with materials and elements pro- 
vided in the platform, thus facilitating reuse, and waste auditors would have an easier 
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job while investigating existing buildings since most of the information needed for a 
waste audit would be available in the platform. Such a digital platform could also be 
used as an ecosystem for trading materials and elements, where MPs constitute the 
backend information provider. 

To capture the value of materials, elements, and buildings, digital platforms will 
play an increasingly important role in the future (Chan et al. 2020). One example of a 
digital platform has been developed by Honic et al. (2023), who established a 
framework for a digital urban mining platform for the city of Vienna. BIM (see 
Chap. | by Koutamanis on BIM and digital twins), laser scanning, ground- 
penetrating radar, and GIS technologies were used to compile MPs and assess 
material intensities (tonnes/m* gross volume of a building) of single buildings. 
These material intensities were extrapolated to calculate the material composition 
of similar building types, which enabled a prediction of a large number of buildings 
in the city. The predicted material compositions were integrated into MPs, which 
were made available in the digital urban mining platform (Honic et al. 2023). 


5.3 Passport Instruments for a Circular Economy 


Considering “buildings as a material depot” (Rau and Oberhuber 2022) helps view 
the building stock as a potential provider of materials for new buildings. Reusing 
materials and elements from existing buildings, thereby avoiding extraction of raw 
materials and associated carbon emissions, serves the circular economy principle of 
“closing the loop” (Bocken et al. 2016). In existing buildings, valuable materials can 
only be reused for new construction if the necessary information on the materials, 
such as their quality, remaining lifetime, allocation within the building, accessibility, 
disassembly potential, etc., is available. However, the scarcity of information on 
materials and elements embedded in existing buildings (Arora et al. 2019) is a major 
obstacle in reaching high reuse rates. 


5.3.1 MP-Related Concepts 


To support and provide guidance on best practices for performing the assessment of 
demolition waste streams prior to demolition, the EU Commission developed the 
“Guidelines for the Waste Audits before Demolition and Renovation Works of 
Buildings” (European Commission 2018), which specify information to be collected 
during audits on existing buildings, such as the type of materials embedded in 
buildings and if they consist of harmful substances. However, the audits are 
conducted mainly to assess the amount of waste materials and plan how much of 
what type of material will be incinerated or disposed of at which landfill type 
(e.g. specific landfills for harmful substances). The waste audit documents are 
structured by waste categories (e.g. metallic, plastic, wood) established by the EU. 
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As the name implies, waste audits are made to assess the amount of waste and not to 
assess its potential reuse or provide information on disassembly. This is where MPs 
come into play. MPs provide more information than a waste audit: they store 
information about the disassembly, reuse, and recycling potential, as well as the 
allocation and amount of materials and elements (CB’23 2023; Madaster 2023). If 
generated in the design stage of a building and updated during its life span, at the 
end-of-life stage of a building, an MP can prevent building materials from being 
demolished, incinerated, or disposed of since information on the incorporated 
materials and elements exists which can be used to design a new building with the 
existing stock. 


5.3.2 MPs for New and Existing Buildings 


The use of MPs can be beneficial for both new and existing buildings. For new 
buildings, MPs could help implement all principles of a circular economy, from 
narrowing to slowing and closing the loop as well as regenerating nature. In the 
conceptualisation and design stage of buildings, an MP could serve as an optimisa- 
tion tool to assess and reduce the amount of materials used for the building (thus 
narrowing the loop) and to choose materials with a long life span (slowing the loop), 
elements and products with a high reuse potential (closing the loop), and bio-based 
materials (regenerating nature). Creating an MP for new buildings is feasible due to 
existing 2D plans, 3D models, BIM models, environmental product declarations, 
declarations of performance, life cycle assessments, and energy certificates, all of 
which provide important information that could be stored in MPs. 

Compiling MPs for existing buildings is a challenging task due to the lack of 
information about the existing building stock (Rose and Stegemann 2019). Several 
digital technologies can be applied to gather information on existing buildings at the 
city, building, and element scales. At the city scale, these are computer vision (see 
Chap. 4 by Armeni et al. on AI) and geographic information systems (see Chap. 2 by 
Tsui et al. on GIS). Laser scanning can be applied at the city and building scales (see 
Chap. 3 by Gordon et al. on Reality Capture). At the element scale, ground- 
penetrating radar is a useful technology. Some examples of these technologies are 
described in the next paragraph. More examples can be found in the associated 
chapters. 

To acquire information at city, building, and element scale, several approaches 
have been developed. Raghu and De Wolf (2022) applied computer vision technol- 
ogy to detect facade materials and elements such as windows and doors and 
developed machine learning algorithms to detect cracks and evaluate the quality of 
materials and elements in the city of Zurich. Wu et al. (2022) explored the prediction 
of asbestos-containing materials in residential buildings in Gothenburg and Stock- 
holm through artificial neural networks. Similar work using computer vision has 
been conducted by Koch et al. (2018), Mahami et al. (2020), and Nordmark and 
Ayenew (2021). Geographic information system models are provided from various 
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European cities which can be applied to assess material stocks and to investigate 
where specific materials are allocated (Bradshaw et al. 2020). Laser scanning can be 
used to gather geometrical information, e.g. the height of a building, and to generate 
a BIM model of a building (Mill et al. 2013). To acquire information on the 
materials, Honic et al. (2021a, b) used a ground-penetrating radar at element scale. 
They automatically identified building elements’ material compositions through 
machine learning algorithms. 

Combining the information gathered at city, building, and element scales can help 
generate new MPs for existing buildings or, if available, feed existing MPs with 
further information. The availability of MPs at city scale could enable the assessment 
of expected waste, planning of sustainable end-of-life streams, and generation of a 
digital platform for cities, as described in Sect. 5.2.2. Some examples of MPs for new 
and existing buildings are presented in Sect. 5.4. 


5.4 Examples from Research and Practice 


In the last decade, several MPs and data templates were developed in research and 
practice. Some of these examples are presented in this section: first, three academic 
examples, followed by one practical example and the initiatives CB’23 (CB’23 
2023) from the Netherlands, Product Circularity Data Sheet from Luxembourg 
(PCDS 2023), and GrowingCircle project from Portugal (GrowingCircle 2023). 


5.4.1 Examples from Research 


Within the EU Horizon 2020 project BAMB (BAMB 2020), 300 MPs for various 
products, components, and materials, as well as an MP platform, were created. The 
platform was developed to facilitate the appropriate accessibility of information for 
different stakeholders at specific stages in the process (Fig. 5.1). The aim of the MP 
in BAMB was to keep or increase the value of materials, products, and components 
across their life cycles; to support developers, managers, and renovators in their 
selection of circular materials; to create incentives for suppliers to produce healthy 
and sustainable materials; and to facilitate the return of products, materials, and 
components. BAMB provided an MP platform in which various characteristics of 
elements and products could be uploaded by manufacturers or others. These ele- 
ments and products were given an identification number, which helped identify them 
in a BIM model. However, changes in the BIM model could not be automatically 
integrated in the platform (BAMB 2020). 

An automated process to generate MPs was developed by Honic et al. (2019a). 
BIM was used to compile an MP that optimises the design with regard to the 
reduction of waste and environmental impacts. This automated process has the 
advantage that different design variants can be compared with each other. 
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Fig. 5.1 BIM-based workflow for the generation of an MP. (Adapted from Honic et al. 2019a) 


Automating the generation of the MP requires proper modelling in BIM (the use of 
proper BIM objects, geometry and materials, etc.). The researchers provide the 
framework, templates, and a modelling guideline to help users apply the MP method 
(Fig. 5.1). Since the basis for an MP and an environmental impact assessment is the 
same, namely, a bill of quantities on the element scale, the environmental impact 
assessment was also integrated into the MP. Three indicators were used for the 
environmental impact assessment: the global warming potential (CO, emissions), 
acidification potential (SO, emissions), and primary energy intensity. Insights and 
optimisations can be conducted on the material, element, and component (the 
aggregation of elements of the same type) to the building scale. 

The researchers also explored MPs for existing buildings (Honic et al. 2021b). 
Digital technologies such as laser scanning and ground-penetrating radar were used 
to acquire the geometry and materials of existing buildings. The results showed that 
a compilation of MPs for existing buildings is possible and delivers valuable 
information on incorporated materials and elements. However, the cost and time 
needed to apply the digital technologies and process the data were very high, and 
optimisation is needed in terms of user-friendliness to be applicable in practice 
(Honic et al. 2021a). 


5.4.2 Examples from Practice 


An MP example from practice is provided by Concular, a digital platform that 
collects information on new and existing buildings. Concular aims to facilitate a 


88 M. Honic et al. 


circular and resource-efficient built environment. Concular uses BIM models and 
CSV files to generate MPs in the form of data sheets. The MPs enable the tracing of 
materials and elements throughout the whole life cycle. Next to MPs, CO, emissions 
and circularity assessments can be conducted for new and existing buildings. For 
existing buildings, Concular uses 3D scans and computer vision algorithms to detect 
objects (Concular 2023). 

An example for data templates and MPs is CB’23, a platform developed by the 
joint efforts of professionals (market parties, policymakers, and scientists) from the 
Dutch construction sector. The platform offers guides for measuring circularity in 
and creating passports for the construction sector as well as a web tool for creating 
MPs for the whole life cycle of buildings. CB’23 provides a data template in form of 
a spreadsheet, which contains many parameters and characteristics needed for the 
MP. (To mention a few, these parameters include general information such as the 
object number, length, width, and origin of the data and technical information such 
as adaptability, existing certificates, and units in which this information should be 
provided.) The template is also aligned with the life cycle stages of buildings, thus 
giving information on which data is required at a certain stage. 

Another example for data templates, namely, the Product Circularity Data Sheet, 
is provided by the Circularity Dataset Initiative. The initiative aims to provide an 
industry standard for product circular data using the Product Circularity Data Sheet 
(Mulhall et al. 2022). The data sheet works at the product level and consists of 
specific sections devoted to product identification, product composition, designs for 
better use, disassembly, and reuse. 

A case study using data templates and MPs was conducted by the GrowingCircle 
project (GrowingCircle 2023), which was funded by the EEA grants (2014—2021). 
GrowingCircle focuses on the awareness and provides a proof of concept of how 
circular data is key to enabling circular economy processes. One of their case studies 
is a residential building renovation process where the digitalisation of meaningful 
elements was realised to generate an element catalogue (Méda et al. 2022) that could 
feed a 3D model of the building with data. Using a data template framework, the 
element data from the renovation design, which was delivered by manufacturers, 
was integrated in MPs next to other performance-related data. Further, the data from 
the MP was attached to the 3D model to enable several analyses and deliverables 
associated with sustainability. 

The examples from research and practice show the variety of existing MP and 
DPP concepts. Several approaches exist for generating MPs. Although not yet 
standardised, BIM is often used for generating MP. Some solutions offer the upload 
of a BIM model to create insights in terms of circularity or environmental impact 
assessment. One of these solutions is Madaster, which is further presented in the next 
section. The use of data templates is becoming more common and is expected gain 
importance in the future in order to create a common basis for MPs. 
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5.5 Business Models for Passport Instruments in a Circular 
Built Environment 


A digital service for registering, storing, and exchanging data — in this case, in the 
form of MPs — is like a utility service, for which the user wants to be sure that the 
service is trustworthy, efficient, and effective. The business model of the service 
provider is based on providing the service, not on the value or relevance of the 
content of the service — similar to the business model of transportation companies 
where the price is based on transport, not on the content of the goods transported. 

Madaster (Madaster, 2023), which started in 2017, is an example of an indepen- 
dent, international digital service provider that provides MPs. Technically Madaster 
works by using a BIM environment as a data source for the generation of MPs 
(Fig. 5.2). The interoperable exchange format within BIM — the industry foundation 
class (IFC) — and an XLS file can also be uploaded on the Madaster platform. As 
output, the platform delivers an MP next to the Madaster Circularity Index and 
embodied carbon and costs assessments. 

The Madaster business model is based on the delivery of data registration, 
storage, exchange, processing, reporting, and analysis services, where the MP 
delivery is one of the offerings provided. Its business model consists of the following 
components: 


e Initiation and market rollout: The Madaster platform development is funded by 
private investors (50%), grants and subsidies (25%), and early adopters (25%). 

e Service provision and functional development: Usage of the Madaster platform 
requires a yearly subscription, where pricing depends on the country and type of 
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Fig. 5.2 Framework of the Madaster platform showing data inputs, outputs, and insights on MPs, 
cost, circularity, and CO, assessments (Madaster, 2023) 
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client. The subscription includes MPs, embodied carbon calculations, environ- 
mental and circularity assessments, and residual value reporting. 

e Supervision and R&D: Madaster is supervised by the independent, not-for-profit 
Madaster Foundation. This foundation owns the brand IP and assures the avail- 
ability of the (meta) data for public usage. A partnership agreement between 
Madaster Foundation and the service company describes the supervisory activi- 
ties, including the possibility to select an alternative service company in case of 
noncompliance with the supervision criteria. 


5.6 Discussion 


A circular economy relies on digital data that can be tracked throughout the entire 
life cycle of buildings. Data templates, MPs, and DPPs all rely on digital data and 
aim to enable a circular economy. MPs, which rely on data templates and differ from 
DPPs only in terms of the industries and scales they are applied, can be generated for 
new and existing buildings whereby digital technologies are used to feed them with 
relevant information. The academic and practical examples in this chapter showed 
different approaches to generating an MP (e.g. BIM-based or with data templates 
from CB’23) and that the insights created from MPs can vary from circularity 
assessments including the reuse potential of buildings to environmental impact 
assessments. 

Finding common technical language and standardising key data have been major 
challenges in construction since the publication of the first Directive on Construction 
Products in the late 1980s (Council of the European communities 1988). Presently, 
there is still no consensus on the data requirements, structures, and formats of MPs or 
DPPs. The initiatives associated with data templates, MPs, and DPPs mentioned in 
this chapter consider the need for the digital representation of the built environment. 
The integration of product data into an MP remains an obstacle if the data formats of 
the DPP and the MP are not aligned. Present efforts in aligning the concepts are 
being made by the Ecosystem Digital Product Passport Initiative, which aims to 
present an unambiguous cross-sectoral definition and description of a DPP and 
define a cross-sectoral product data model for it (CIRPASS 2023). In the initiative, 
MPs are presently not considered. However, the developments will influence how 
knowledge, standards, and orientations are implemented in the built environment. 

A further challenge to increasing the use of digital passports lies in how the 
required data can be gathered, tracked, and made available throughout the life cycle 
of buildings. To overcome these obstacles, digital technologies can play a crucial 
role. Computer vision, geographic information systems, laser scanning, and ground- 
penetrating radar show potential for gathering data on existing buildings for MPs. 
For new buildings, BIM plays a crucial role, since, if modelled properly, models 
contain detailed information on each material and element used in a building. 
Blockchain technology (see Chap. 13 by Shojaei et al. on blockchain technology) 
promises greater transparency, improved traceability, and increased efficiency (IBM 
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2018). The integration of blockchain technology and the internet of things could 
enable tracking of the present state of materials and elements throughout their life 
cycle, thereby keeping information up-to-date and enabling predictions for reuse of 
materials and elements used in the built environment (Esmaeilian et al. 2020). The 
integration of the information delivered by different technologies into an MP needs 
further manual steps since the data formats and structures can vary significantly. 
Thus, aligning data formats and structures for data templates will be an important 
step in enabling the compilation of standardised MPs. 


5.7 Key Takeaways 


e Material passports (MPs) are a main enabler of a circular economy in the built 
environment, because they consist of relevant information that facilitates main- 
tenance, repair, reuse, etc. 

e MPs give building materials and elements value for present use, recovery, and 
reuse. 

e Several passport instruments exist in academia and practice. 

e Format, structure, and terminology for MPs are not standardised. 

e Several digital technologies can support the gathering, storing, and maintaining 
information of new and existing buildings. 
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Abstract Circular construction is a design task that requires new datasets and 
computational tools for matching supply and demand within an urban circular 
system. Material passports (MPs) contain detailed inventories of materials and 
products, as well as their specifications, location, and connection details. Circularity 
indicators (CIs) allow an assessment of a design’s environmental impacts with 
respect to circularity: the degree to which solutions minimise extraction and waste 
in favour of reusable, renewable, or recyclable resources both in construction and at 
end-of-use. Often implemented as an extension to detailed BIM models, MPs and 
CIs are presently applied in the permit and documentation phases. However, these 
metrics also establish parameters in early design phases, where circular design 
thinking and evaluation are most impactful. Circular construction consequently 
calls for a new suite of design tools that can be integrated into existing workflows, 
are applicable within the uncertain context of the early design phase, and ideally 
offer immediate feedback related to formal deliberations, structural considerations, 
material selection, and detailing. This chapter describes the importance of CIs as 
design parameters across phases with a special focus on recent early design devel- 
opments such as the software application RhinoCircular. 


Keywords Design for circularity - Early design - Circularity indicator - Circularity 
assessment - Material passports 


6.1 Computational Tools Enabling Design for Circularity 


A crucial step in building the capacity of a circular economy is assessing the 
quantities and impacts of material inputs, assets, and outputs in the built environment 
to ensure that building materials remain at their highest utility and value through use 
cycles. This serves two main purposes: they help understand the carbon impact of 
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construction through the quantification and measurement of a building’s component 
materials, and they help create a material inventory which allows for their future 
activation in the form of a material depot. Both tasks require computational tools 
which can generate data on material quantities and qualities, connections, environ- 
mental impacts, recyclability, and reusability (Heisel et al. 2022a). 

A solution can be found in the creation of material passports (MPs), digital 
inventories of material assemblies, and their associated metrics (Heisel and 
Rau-Oberhuber 2020). MPs document material quantities as well as weights, vol- 
umes, dimensions, specifications, and locations of materials within a structure (van 
Capelleveen et al. 2023). Efforts from companies and organisations such as 
Madaster, BAMB, DGNB, and the European Union offer platforms for creating, 
storing, and sharing MPs, often integrated with building information models (BIM) 
to determine the quantities of components automatically (BAMB 2020; DGNB 
2023; Madaster 2023; WBCSD 2023). 

Such passports may also report the overall circularity of a construction 
represented by a circularity indicator (CI), a metric which evaluates both reuse and 
recyclability of the input material stock and their end-of-use pathways (Heisel and 
Nelson 2020). The metric itself is a number between 0% and 100%, determined via a 
set of equations that are dependent on parameters such as life span, efficiency of 
recycling, and the fraction of feedstock taken from renewable, recycled, or reused 
sources. Typically, equal weight is given to reused, recycled, or biogenic/compost- 
able material pathways in both the production and end-of-use phase. An initial CI 
version was developed by the Ellen MacArthur Foundation in 2016 and then further 
advanced for use in the built environment by Dutch company Madaster in 2018 
(Ellen MacArthur Foundation & Granta Design 2019). Building on this work, a 
variety of definitions and equations on material circularity have been published 
since. Recent examples are the Urban Mining Index developed at the University of 
Wuppertal, which takes deconstruction times and difficulties into consideration 
(Rosen 2022), or the Gebduderessourcenpass (building resource passport), which 
is now officially integrated into the certification system of the German Sustainable 
Building Council (DGNB) (Concular 2023). 

CIs are an important reference not only in the design phases of buildings. Since 
these metrics can inform stakeholders of possible or anticipated pathways for various 
materials and components, i.e. whether they are structurally sound and/or designed 
for disassembly, they are also relevant at a building’s end-of-use; in cases of adaptive 
reuse; when tracking renovations, retrofits, and repairs; or in evaluating recycling or 
reuse scenarios. Both CIs and MPs are applicable across scales, ranging from 
construction details to the scale of large urban areas. The tools function in similar 
ways across these scales; however, the feedback they provide informs different 
actions and stages of the design process. This makes CIs useful across the 
entire life span of a building and applicable from early design-to-construction 
documentation. 

Despite the versatility of circularity metrics, present software tools are typically 
applied in the later stages of building development, when most building parameters 
are known, leaving little flexibility for informed design. The reason for this lies in the 
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availability of data: at this stage, designs are highly resolved, and information which 
is needed for calculations, such as detailed product specifications and material 
quantities, can be computed and stored in MPs. Although they can help evaluate 
the circularity of a building, CIs generated at this stage rarely actuate significant 
changes in design or specifications because many critical design decisions have 
already been determined by the time they are used. Instead, they are often used for 
compliance to meet technical standards or legislative requirements. 

This approach to circularity is effective at creating detailed accounts of a build- 
ing’s material content for future reference but does not give designers flexibility 
within the early design phases in making major changes based on design evaluation 
and feedback. This creates an opportunity for new design tools which can address 
this phase. We argue that greater impact can be achieved by implementing circularity 
analysis in the early, pre-BIM design phase. Design is an iterative process, and a 
building’s design is more prone to change in early phases. More importantly, major 
changes in early design phases are easier and cheaper to implement (Lawson 2005). 
As a design develops, decisions are more finely tuned as architects synthesise 
feedback from clients, engineers, contractors, stakeholders, and various consultants 
until the design is finalised. Because of this, the earlier circularity analysis occurs 
within the design process, the greater impact it will have in later design phases. 
Additionally, it can help reduce the uncertainty of decisions in the early design phase 
by providing information on the impact of individual decisions through an (ideally 
rapid) information feedback loop. 

Before CIs can be incorporated in early design phases, the strengths and weak- 
nesses of existing computational tools in addressing varying scales should be 
assessed to better understand how they can achieve the greatest impact in designing 
for circularity. These tools need to be adaptable and be able to reduce the uncertainty 
of decisions regarding design and material salvage. This chapter will discuss the 
scales, stages, and metrics needed to apply these tools. It will evaluate some of the 
existing technologies and establish guideposts for future tools. By improving flex- 
ibility in their inputs, and introducing user-adjustable parameters and immediate 
feedback within the CAD environment, new design tools will hopefully steer the 
hand of designers towards increased circularity. 


6.2 Computational Tools Across Scales of the Built 
Environment 


Computational tools play a key role in today’s practice of architecture. Since their 
introduction, they have greatly influenced a wide range of areas relevant to the 
design and construction of buildings, ranging from the design and modelling of 
buildings to the simulation and analysis of their performance (or the performance of 
their component parts), their visualisation and presentation of their design strategies 
to the construction, and off-site fabrication of parts or on-site fabrication of full 
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buildings. In the future, the influence of computational tools is bound to increase 
even further, whereby a building’s whole-life perspective in both evaluation and 
implementation should be a focus. 

Computational tools that assess circularity apply to a wide range of scales. These 
tools could be employed to assess the circularity of items as small in scale as a 
product and construction detail or as massive as extended urban areas and material 
mines (Heisel and Hebel 2021). This section will discuss some of the applications 
CIs and computation tools for circularity can have at these varying scales. 

Computational tools for circularity are extremely relevant at the scales of mate- 
rials, products, and construction details. Information on the specific pathways of 
selected materials from production to end of life provides relevant inputs for making 
design decisions. Similarly, product information in the form of environmental 
product declarations (EPDs) or other verified datasets can provide important design 
parameters in the selection and combination of building assemblies. The detail is one 
of the most critical points of a circular design, as details are where building products 
with different physical and chemical properties are joined and fastened together. 
Choices in these products and fasteners directly affect the salvageability or reusabil- 
ity of the component materials at the end-of-use. As a result, assessing the circularity 
of details is a critical step in designing for circularity. In design workflows, details 
are typically specified at a stage when architects and engineers have a clearer 
understanding of the loads, products, and fasteners that are required for a specific 
assembly. However, specific design intentions for developing details and construc- 
tions may well be design parameters that influence material choices and structural 
systems and thus play an important role in early design phases as well. 

At the scale of the building, design tools for circularity can potentially have an 
extended impact. In addition to accounting for the circularity of materials and 
connections in total, such tools can also be used to track the circularity of a building 
over time. Materials and building passports should be updated when materials or 
components in a building are damaged, removed, repaired, exchanged, or renovated. 
Whether from manual or sensor input, circularity design tools can recompute a 
building’s circularity score throughout a building’s operation and store the informa- 
tion in the form of digital twins and MPs. 

Surpassing the scale of the individual building, tools which enable design for 
circularity can have a major influence at the urban scale in closing the gap between 
demand and supply and in supporting green policy. As cities and regions move to 
decarbonise their building stocks (Root 2021), these tools can help make important 
decisions regarding which buildings to retrofit and in what order and how to have the 
greatest impact. 

Exchanging fuel sources and heating equipment are often priorities in green 
policy. Many buildings also require envelope retrofits to compound the benefits of 
technical upgrades. This mandates an exchange of material, and with it a consider- 
ation of material and product impacts related to embodied carbon and the circularity 
of these new applications Heisel et al. (2022b). 

Equally important at the urban scale is the analysis of the waste streams that result 
from comprehensive policy changes. The large-scale removal of building elements 
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without a clear next-use scenario will inevitably result in an influx of construction 
and demolition debris sent to landfills or recycling facilities, while they could 
constitute a material resource. By generating this information, organisations and 
companies which have the physical and digital infrastructure for the salvage, reuse, 
and resale of building materials can be made aware of stock changes in advance. In 
general, computational tools for a circular economy can play a more significant role 
in the matching of demand and supply by aggregating available and sought-after 
materials and products from individual buildings within urban-scale databases. 


6.3 Computational Tools for a Circular Economy 


Within the narrow, slow, close, and regenerate framework, computational tools for 
circularity fall into two categories. These tools ‘narrow’ the amount of material used 
in buildings by providing a greater understanding of the construction specific 
impacts of material choices to architects and engineers. While two materials 
maybe seem identical in mass and volume within a design, CIs offer a wider 
perspective by accounting, for example, for material loss in production processes 
or recycling and reuse potentials at end-of-use. In creating CI metrics, computation 
tools for a circular economy provide the transparency in the hidden waste behind 
these materials to designers, enabling them to narrow their material use. Computa- 
tional tools for circularity also serve to ‘close’ material loops. They do so in creating 
MPs which track the location and quantities of materials within buildings as well as 
their design for disassembly instructions. These are critical documents in closing 
material loops, as they facilitate the execution of deconstruction, reuse, and other 
end-of-use activities. 


6.3.1 Required Flexible Inputs for CI Generation 


Within a common design process, the level of detail increases with time. In early 
design applications, input parameters may be restricted by missing design specificity 
and thus need to be easily adaptable to keep pace with the iterative design process. 
To generate a circularity assessment, two inputs are first required: a geometry and a 
limited set of metadata. The geometry is user generated and can be either drawn/ 
modelled or generated parametrically. The software does not differentiate between a 
new construction (e.g. massing study) and the assessment of an existing structure 
(e.g. a survey). Based on this initial geometry of any level of detail, volumetric and 
surface area information can be calculated. 
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A second step in generating a circularity assessment requires the pairing of 
this geometry with relevant metadata, which can be broken down into four 
subcategories: 


e Materials (with associated circularity metrics) 

e Constructions/ details (with associated circularity metrics) 

e Shearing layers 

e (Anticipated) pathways in production and end-of-use stages 


While specificity is preferable during later design phases, emphasising generality 
within these subcategories in early design phases offers designers greater freedom to 
compare alternatives and make changes to increase circularity. For example, mate- 
rials can be specified instead of products. Product specifications can change based on 
independent manufacturing aspects such as supply and demand, the geographic 
location, or the utilised energy mix. Materials at this stage are more general and 
can encompass multiple potential products. 

Likewise, construction typologies are more general and representative of industry 
standards and regulatory frameworks than unique assemblies of building products. 
This allows for the use and assignment of general industry values for production and 
end-of-use circularity metric calculations, which supports the goal of using CIs as a 
design parameter in the immediate comparison of alternatives in early design 
additional to the specification of construction details in later stages. 

Numerical user-specified parameters, such as the amount of reused materials in a 
design or targeted design for disassembly values, are similarly flexible and can be 
adjusted and refined throughout the design process, thus allowing circularity to be 
recalculated as the design progresses. 

Another recommended input value is the assignment of geometries to shearing 
layers (Brand 1995). Shearing layers, or ‘layers of change’, provide a filter for 
materials, products, and components based on their anticipated performance and 
durability within a building and are defined as site, structure, skin, services, 
spaceplan, and stuff. Layers such as structure and skin have been observed to have 
longer use cycles and are more permanent in their arrangement within the building, 
whereas less determined layers such as spaceplan and stuff are subject to change 
more rapidly or often. Generating CIs for a breakdown of shearing layers may help 
understand the implications of specific systems within the overall design, may they 
be related to material choices, structural requirements, aesthetic preferences, or 
length of the use cycle. 

It is also critical to understand the production and end-of-use pathways for 
various materials as an input. In computational tools for a circular economy, these 
material flows are often baked into material databases and not primarily user- 
inputted. These suggested values provide users with a baseline for different material 
types and families. If users select a product or material with a unique pathway, they 
should then be able to update or overwrite relevant metrics. This flexibility is 
important in the design of these tools, as it guides but does not constrain users in 
their calculations. 
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6.3.2 Assessing Outputs in Early-Stage Design Changes 


In contrast to the adaptability of input parameters, output parameters need to be clear 
and give succinct guidance as to how and in what areas designers can increase 
circularity. This is especially true in the early design phase, when the design is still 
relatively conceptual and changes are easier to implement than in later stages. 

Consequently, tools for circularity need to communicate a breakdown of CIs for 
each stage of the design, such as production and end-of-use pathways, and as 
described above for each shearing layer, assembly and subassembly. This can inform 
users on where to change parameters or redesign details in the effort to achieve 
higher circularity values. For instance, an early design tool could identify a subas- 
sembly with a particularly low CI as a good opportunity to incorporate design for 
disassembly strategies or material substitution, thereby raising the CI score of both 
the subassembly and the entire design. 

Similarly, the outputs of such a design tool need to be visualised directly and in 
ways that are understood intuitively. Given the indeterminacy of these early design 
stages, CIs need to be displayed rapidly to provide immediate feedback to even slight 
changes to input parameters. This requires the ability to update relevant metrics 
based on changes in the formerly discussed parameters. A live feed of effects on the 
model’s circularity score, for example, would inform the user on whether material 
choices or design decisions favour regenerative, reusable, or recyclable pathways, 
reducing the uncertainty while not burdening the designer with an overly prescrip- 
tive workflow. In doing this, the act of drawing or modelling would be elevated to an 
act of constant simulation, making readily apparent impacts associated with the 
user’s decisions (May and Latour 2019). 

These points can be generalised to any computational design tool but take on an 
increased relevance when designing for circularity. The impact of designing for 
circularity extends beyond the use of the building and into the entire use and life span 
of the building’s components. Models need to be updated as changes are made to the 
building over its use time so that they may inform the continuous feedback loop. 


6.3.3 Circularity Indicators at the End-of-Use Phase 


Not only critical as feedback for the early design phase, CIs also take on important 
relevance at the end-of-use phase. Generating MPs and CIs for existing buildings 
allows for an assessment of the circularity of the present building stock and can 
inform salvage and deconstruction efforts for buildings which were not designed 
with disassembly in mind. A high CI can indicate that a material is easily reusable or 
salvageable and that using it might help save costs and carbon. This helps direct 
deconstruction and salvage efforts, as materials that are easily removable and 
reusable can then be prioritised for recovery, thus maximising the material value 
and utility of salvage and reuse from existing buildings — especially important in 
deconstructions with a narrow scope and tight timelines. 
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6.3.4 Circularity Databases 


Creating a database which enables the calculation of CIs is one of the largest 
challenges in developing computation tools for circularity. Libraries of EPDs are 
expanding, but these documents are primarily concerned with carbon and production 
impacts and not (yet) the end-of-use of materials. Both production and end-of-use 
material streams vary dramatically based on location due to market factors or local 
legislation. For example, one municipality which requires the separation and sorting 
of all construction and demolition waste for recycling might have completely 
different circularity results than a municipality in which contractors haul all end- 
of-use waste to landfills because such requirements do not exist. 

As a result, datasets on material circularity must be generated or adjusted at least 
on regional scales. Larger efforts to accomplish this are so far challenging, especially 
in the United States, where waste streams are often still recorded on handwritten 
reporting sheets (and are therefore hardly machine-readable), if such information is 
documented at all. Because of this, most datasets regarding the circularity of 
materials in the US context must make broad assumptions based on industry 
standards. Data availability is better in other contexts such as Europe or Asia, but 
it is still limited. EPEA (in collaboration with Madaster) recently published a dataset 
of 187 general materials and their associated circularity values, which is now 
accessible for users with a Madaster account (EPEA and Madaster 2023). Similarly, 
several other commercial providers of MPs (such as Concular) or life cycle assess- 
ment tools (such as One Click LCA) are developing their own internal data- 
bases (Campanella 2022). 

As computational tools for circularity grow in popularity in the architecture, 
engineering, and construction industry, there will be a greater demand for certified 
and regionally adjusted datasets. At the same time, the use of these computational 
tools creates an opportunity for this data generation. As companies and organisations 
continue the application of CIs, they will create their own libraries of materials and 
assemblies and relative circularity metrics. In January 2023, the Circular Construc- 
tion Lab at Cornell University published a first freely available dataset including 
associated sources in the hope to launch a collaborative open-source effort on the 
generation and collection of such circularity datasets (Heisel et al. 2023). 


6.4 Examples of Computational Tools Enabling Design 
for Circularity 


Several tools are presently available for supporting architects, engineers, and other 
building professionals in making decisions regarding circular design. Most of these 
tools generate MPs which allow for the documentation and assessment of new 
constructions. However, significant differences emerge when considering the 
requirements and considerations described above, specifically the applicability 
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within different design phases, the required resolution of their input parameters, and 
the intended scale of the built environment. 


6.4.1 Madaster 


The Madaster platform originally developed in the Netherlands is described as an 
‘online registry for materials and products’ (see Chap. 5 on material passports by 
Honic et al.). The platform is a browser-based framework for the analysis and 
storage of buildings and infrastructure projects utilising BIM models (.ifc files) or 
bill of quantities (Excel) as data input. Volume, area, or quantity information is 
linked to metadata providing the necessary foundation for calculations of circularity, 
embodied carbon, and financial material values over time. Madaster has developed 
into one of Europe’s leading MP systems. The platform provider is involved in the 
creation of policy frameworks and technical tools across the European Union, has 
launched the platform in multiple languages and jurisdictions, and is forming 
partnerships with industry partners and manufacturers to create and collect a robust, 
up-to-date, and location-specific dataset for its calculations. 

Once geometry and metadata are paired, the platform can create highly detailed 
building passports that allow for the tracking of materials within buildings through- 
out use cycles, until their eventual end-of-use scenario. Madaster’s ability to track 
and estimate materials’ (residual) monetary values is a critical feature for stake- 
holders interested in the deconstruction of a building at its end-of-use, as the resale 
value of the building’s materials and components — and their ability to offset 
contractor costs — is a key factor in determining the profitability of a deconstruction 
project. 

Madaster’s primary use case is the documentation of buildings once their design 
has been finalised and a detailed BIM model can be saved and exported. Madaster is 
a highly evolved documentation and assessment tool and has recently set eyes on the 
development of design tool functionalities as described within this chapter. 


6.4.2 One Click LCA 


One Click LCA is a building life cycle assessment tool, allowing users to analyse 
the environmental impact of their buildings based on metrics such as embodied 
and operational carbon, to meet sustainability certifications such as LEED (Leader- 
ship in Energy and Environmental Design), BREEAM (Building Research Estab- 
lishment Environmental Assessment Method), DGNB (Deutsche Gesellschaft fiir 
Nachhaltiges Bauen e.V.), or the Living Building Challenge. Its primary purpose is 
the assessment of carbon in buildings, but its functionalities in generating MPs are 
quickly expanding. 
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Like Madaster, One Click LCA operates as a stand-alone online platform, with its 
primary input being a detailed browser-based bill of quantities. It is supported by a 
well-organised and robust internal dataset, which uses an increasing library of EPDs 
as its primary resource, focusing primarily on the United States and Europe. One 
Click LCA also offers software plugins for CAD and BIM environments, such as 
Rhinoceros3D or Revit, allowing users to assess embodied carbon and circularity 
metrics as they design their buildings. The plugin is specifically advertised as a 
means to integrate the software’s capabilities into early design phases and is acces- 
sible to owners of a commercial One Click LCA licence (One Click LCA 2021a; 
One Click LCA 2021b). These plugins are understood as extensions to the online 
platform to ease the linking of geometry with material and metadata. As such, the 
plugins display a partial amount of assessment results in the CAD environment, 
while the online platform computes high-resolution MPs even when starting at a low 
resolution of design parameters. These differences in resolution and output formats 
are meant to address the changing requirements and scales of the design and 
construction process (One Click LCA 2023). 


6.4.3. RhinoCircular 


RhinoCircular is an application for Rhinoceros3D and Grasshopper developed 
within the Circular Construction Lab at Cornell University to specifically evaluate 
material circularity in the early design phases, and the goals of the application match 
the framework outlined in Sect. 6.3 (Circular Construction Lab 2023). 
RhinoCircular’s key focus is presently the assessment and visualisation of a design’s 
environmental impact with respect to circularity: the degree to which design solu- 
tions minimise extraction and waste in favour of reusable, recyclable, and renewable 
material resources. 

RhinoCircular allows direct and immediate feedback on design decisions regard- 
ing formal deliberations, structural considerations, material selection, and detailing 
based on MP and CI assessments. It can be integrated in existing and complex 
workflows and is compatible with industry-standard databases while providing its 
own starter dataset. 

Figure 6.1 shows some of the potential of this tool to provide rapid and targeted 
feedback within the Rhinoceros3D environment. In this specific example, a detail 
model is assessed for circularity. CIs are generated for each element within the detail. 
Once these metrics are generated, they are remapped to the model geometry, 
demonstrating to users which elements are highly circular and which are less so. 

Built as a native Grasshopper application, the tool consists of several components 
that can be combined or connected to suit the specific needs of a proposed project in 
any design phase or on any level of detail. Designed to be compatible with other 
applications in the Grasshopper ecosystem, RhinoCircular’s circularity evaluations 
can be combined with structural simulation tools like Kangaroo3D or environmental 
systems simulation tools such as ClimateStudio. While the learning curve for the tool 
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Fig. 6.1 Evaluating a detail with RhinoCircular 


is relatively gentle, it assumes users have basic skills and an understanding of visual 
scripting in the Grasshopper ecosystem (Fig. 6.2). 

Relative to the prior discussed tools, RhinoCircular generates lower-resolution 
outputs that represent a close approximation of a building’s CI. This is because the 
goal of the tool is not a comprehensive MP or LCA but instead to inform designers 
quickly and immediately in an early-stage design where data resolution and product 
specification is equally lower. To support this mission, computation results are 
displayed directly in the modelling space and can be mapped onto the geometry, 
offering visual and targeted feedback to designers in the effort of informing the 
decision-making process. 


6.5 Discussion 


Assessing the relative strengths of the above MP and CI tools provides insight 
into where architects and other professionals can most effectively use them. When 
assessing the utility of each tool in various scenarios, those geared towards the earlier 
design phase better help to ‘narrow’ our present material consumption. Those which 
require more detail while also narrowing material consumption and emissions are more 
effective than earlier stage tools at closing the loop and enabling material salvage. 
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Fig. 6.2 Evaluating a structure with RhinoCircular 


The software tool RhinoCircular is most relevant within early design phases when 
the design has yet to be finalised and rapid feedback is needed. After those phases, 
tools such as Madaster and One Click LCA generate detailed information on 
circularity and embodied carbon that can be delivered to stakeholders and compli- 
ance agencies. MPs that are produced by One Click LCA and Madaster are also 
relevant through the building’s use and end-of-use, allowing for the recovery and 
reuse of building elements in the future. Madaster’s platform is particularly useful 
when pricing materials for resale through its residual value metrics based on global 
material markets, which gives the user a sense of the resale value that can be realised 
when a building is deconstructed. Ideally, all these tools can be combined in a 
workflow that can leverage the benefits of CIs as a metric across scales. 

Independent of the tool, circularity and CI evaluation must become a key design 
parameter across scales. The earlier architects, engineers, and designers can advocate 
and implement circularity into buildings, the greater the future impact, both in 
material sourcing and with respect to their end-of-use pathways. CI tools encourage 
circular behaviour, but it is the role of practitioners to apply and implement the 
feedback and optimise buildings for circularity. 

As a result, greater collaboration is needed between practitioners in both sharing 
datasets which enable circularity assessments and their compatibility and in strength- 
ening the accuracy and reach of computational tools for circularity. The opaqueness 
of supply chains and manufacturing processes inhibits professionals from having the 
data needed to confidently assess circularity in the built environment. These tools are 
only as accurate as the data which feeds them, and therefore data on materials needs 
to be collected and shared across all four phases (slow, close, narrow, regenerate) in 
order to give practitioners greater confidence in computational tools for a circular 
economy and their outputs. 
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6.6 Key Takeaways 


e Tools which calculate circularity indicators have the greatest impact in the early 
design phase. 

e Tools which calculate circularity indicators are most accurate in the construction 
documentation phase. 

e Material passports have the greatest relevance during a building’s use and end-of- 
use. 

e More robust databases and data transparency are needed. 
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Abstract By making rapid prototyping accessible and inexpensive, additive 
manufacturing (AM) has transformed the fabrication industry. The adaptability of 
the process to various materials makes it applicable to multiple fields ranging from 
complex nanoscale production in the medical field to the manufacturing of large- 
scale structures in the construction industry. AM methods are constantly evolving, 
enabling the production of complex products with minimal initial investment. AM 
processes generate little waste and require no formwork, making them relevant to the 
construction industry, which conventionally produces significant amounts of waste. 

This chapter provides a high-level overview of AM as an innovative technique and 
key developments towards its use for a circular built environment. It further delineates the 
viability of AM techniques using earth-based materials for implementing a circular 
economy in the construction sector through a series of case studies developed gradually 
from the scale of architectural prototypes to realised buildings. These examples address 
factors such as fabrication processes, techniques, and materials used and their influence 
on circularity through the production cycle of construction achieved using AM. Through 
the case studies, the chapter promotes ‘closing the loop’ on resources by reusing and 
recycling excavated construction materials. The chapter concludes with projections for 
AM practices and potential commercial applications of the technology. Overall, the 
chapter is useful for anybody interested in the built environment looking at alternative 
and sustainable building methods, including users, researchers, and professionals. 
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7.1 Introduction to Additive Manufacturing 


To understand additive manufacturing (AM), it is imperative to know the context of 
digital fabrication within which the technology was initially developed. Digital 
fabrication (dfab) is a manufacturing workflow that employs computer-controlled 
machinery and tools to materialise objects from digital designs. Dfab is classified 
within the context of the third industrial revolution. The first revolution focused on 
mechanising manufacturing processes, while the second aimed at the mass produc- 
tion of parts. The third revolution centred on using digital technology, such as 
electronics, microprocessors, and the Internet, to change the way of working, 
communicating, and accessing information. It laid the groundwork for the fourth 
industrial revolution, which focuses on integrating physical and digital information 
using robotics, sensors, and artificial intelligence (Groumpos 2021). 

Dfab has contributed to transforming the nature of working processes and 
proposed new solutions. Digital fabrication links digital technologies such as 
computer-aided design (CAD), computer-numerical-control (CNC) machines, and 
robotics, which are all part of the broader digital revolution. Dfab mainly covers 
three fabrication processes: 


e Additive manufacturing (AM) is a computer-controlled technology for making 
components by depositing subsequent layers of material to form a three- 
dimensional object. 

e Subtractive manufacturing (SM) is a process where the material is removed from 
a solid block or stock of material using various tools such as drills, milling 
machines, wire cutters, lathes, or routers to create desired shapes. 

e Formative manufacturing (FM) is a range of techniques that involve the mechan- 
ical deformation, bending, forging, or shaping of a given material, with or without 
the use of a mould. 


Due to the versatility of its fabrication process, cost-effectiveness, and accessi- 
bility, AM appears to be the preferred dfab technique for mass customisation. This 
process has been explored with various materials such as plastics (Wei Keat and 
Chow 2022), metals (Huang et al. 2023), ceramics (Chen et al. 2018), composites 
(Korkees et al. 2020), and biomaterials (Malik et al. 2020), to name a few. 

Within the wide range of AM processes, seven subprocesses fall under the AM 
umbrella: binder jetting, directed energy, deposition, material extrusion, material 
jetting, powder bed fusion, sheet lamination, and vat photopolymerisation 
(Slotwinski 2014). Each AM process offers the flexibility to fabricate a wide range 
of complex shapes and hence was soon adopted by the industry for rapid prototyping 
depending on the scale and resolution of its application. Even though 3D printing 
(3DP) and AM are defined as the same fabrication technique (Ngo et al. 2018), a 
deeper understanding of the process and its parameters indicates that 3DP is a subset 
technique of AM processes: in contrast to 3DP, which builds three-dimensional 
objects by adding material in successive layers, AM creates three-dimensional 
objects by adding material, which may or may not be produced with consecutive 
layers (McCormack et al. 2020; Ming et al. 2022). 
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Schematically, AM utilises a computer and 3D printer to produce custom phys- 
ical objects. CAD software generates 3D digital objects, and computer-aided 
manufacturing (CAM) or slicer produces slices of a 3D geometry, resulting in a 
geometric code (G-code). The G-code provides positional data, velocity, and extru- 
sion rate values for the printer nozzle, which is moved by a motor-driven CNC 
system following instructions. This streamlined software and hardware infrastruc- 
ture enables quick, low-cost, and highly customisable production of bespoke phys- 
ical objects using AM. Several sectors, including robotics, medicine, food science, 
architecture, and others, have extensively used AM (Shahrubudin et al. 2019). AM 
has significant potential in the fields of surgery, disease modelling, organ printing, 
veterinary medicine, and tissue engineering (Bozkurt and Karayel 2021). 

AM processes are not restricted to a particular machine configuration and can be 
customised to suit generic tools such as industrial robots (Pham et al. 2016). This 
offers advantages in terms of application scalability, operational efficiency and 
accuracy, versatility in executing diverse functions, and agility for multitasking. 
The adoption of AM process methodologies across various machine configurations 
has facilitated the expansion of the technology and its implementation within the 
built environment. 


7.2 Additive Manufacturing in the Built Environment 


AM processes have found their way into construction, automating dull, dirty, and 
dangerous site operations (Jud et al. 2021). AM methods have formed a mass- 
customisable production system, with 3DP as the preferred option due to its 
waste-free and formwork-free nature. Within the wide range of AM processes, two 
specific processes have been explored at the architectural building scale: 


e Material extrusion is a fast AM method in which continuous layers of materials 
are deposited one on top of the other while the material is in a plastic state. The 
adhesive characteristics of the material and gravity determine the interlayer 
bonding between the layers to form a monolithic structure. The Contour Crafting 
technique (Khoshnevis et al. 2006) pioneered technologies to introduce material 
extrusion to the building industry. By linking trowelling and extrusion processes, 
Contour Crafting improved the surface quality faster in the built volume. 

e Binder jetting is a high-resolution AM method in which a printer selectively 
deposits a liquid binder onto a bed of powder particles to build fine-resolution 
objects. In 2006, D-Shape (Gardiner and Burry 2010) technology presented the first 
demonstration of their machine to create high-resolution architectural scale struc- 
tures. D-Shape introduced a new manufacturing stream of material-efficient, grav- 
ity-independent, high-resolution objects that could apply to the built environment. 


While both processes have allowed for the use of a wide range of possibilities in 
terms of print resolution and material usage, the construction sector considers 
material extrusion a feasible alternative owing to the reduced number of peripherals 
needed for equipment installation, the faster building rate, and the scalability of the 
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process (Puzatova et al. 2022). Another aspect influencing their choice is the ability 
to print directly on the construction site. In this context, there are three important 
criteria for adopting AM in the building industry: (a) building material, (b) machine 
configuration, and (c) computational design methods. The validation of these factors 
is made possible by the expertise of professionals and experts in the field, allowing 
for the effective deployment of different large-scale AM applications. 


7.2.1 Materials 


With the surge in the availability of large-scale construction format AM machines 
such as BOD II (COBOD International A/S 2017) and Crane WASP (WASP Srl 
2018), the building sector was able to investigate various materials on a construction 
scale, including plastics, metals, and plaster. Nevertheless, material durability, size 
restrictions, and a slow production rate have limited these material systems to 
smaller building components, which has led to cementitious materials being the 
material of choice for structural building elements. After all, concrete is one of the 
most widely used building materials with superior structural properties, availability, 
and affordability (Crow 2008). Even though concrete processing is being improved 
and more automated, conventional construction activities that use concrete still 
generate a lot of waste and have high energy consumption. 

In this context, 3D concrete printing (3DCP) has been the first AM technology to 
enter the construction industry, with the promise of an effective, customisable, and 
waste-free form of construction. Rapid growth in using 3D printers for building has 
highlighted the need to develop new material control systems, especially those that 
allow precise control over the material’s hydration, rheology, and curation rate, 
which is critical for achieving volumetric buildup (Jones et al. 2018). 

However, the consumption volume of concrete and the chemicals added to 
accelerate the mix to facilitate 3DP make the process less structurally capable 
while possibly being even more harmful to the environment per volume (Flatt and 
Wangler 2022), exposing the need for alternative sustainable materials for 3DP such 
as excavated earth and geopolymers. In particular, earth-based material offers a 
significant advantage in terms of transportation and sustainability, as it can be 
extracted and processed directly on site. It is known for allowing the construction 
of sustainable, healthy, and thermally efficient buildings (Minke 2013). It is also a 
material linked to old construction techniques requiring extensive skills and manual 
labour, issues that could be solved with 3D printing machines. 


7.2.2 Machine Configurations for Additive Manufacturing 


In addition to material control, the successful implementation of additive 
manufacturing (AM) operations at the building scale relies on the effective integra- 
tion and accessibility of material processing machines and fabrication machine 
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configurations. The choice of machine setups for AM in construction is contingent 
upon factors such as size formats and mobility. Consequently, various machine and 
robotic configurations have been employed in this context. Broadly, these configu- 
rations can be classified into two groups: off-site and on-site manufacturing setups. 

Off-site manufacturing setups entail the construction of components within a 
controlled factory environment, followed by transporting prefabricated customised 
parts to the construction site for assembly, ultimately forming a complete building 
structure. Using off-site manufacturing facilities ensures regulated conditions that 
shield production machinery from ambient fluctuations such as temperature and 
humidity, thereby enabling the mass production of high-quality products. To achieve 
this, rigid frame Cartesian-type machines (Khoshnevis et al. 2006) are commonly 
employed, offering three or five degrees of freedom depending on the specific 
application requirements. When more intricate fabrication operations are necessary, 
setups incorporating a robotic arm mounted on a Cartesian gantry (Anton et al. 2020) 
are being implemented. This configuration allows for the gantry’s robust manipula- 
tion capabilities and the robotic arm’s dexterity and precision, thus accommodating 
large-scale construction while maintaining high-resolution detailing. 

On-site manufacturing setups vary in configurations, ranging from fixed 
machines with predetermined footprints to autonomous setups capable of movement 
and localisation within the construction site. Agility and precision are crucial for 
these setups to respond and adapt to the dynamic site conditions. Besides large-scale 
Cartesian 3-axis machines, researchers are exploring using robots on mobile plat- 
forms like the In Situ Fabricator (Giftthaler et al. 2017) and digitally controlled 
construction machinery (Jud et al. 2021) for construction operations. 

Such machines have demonstrated applicability ranging from component-based 
architectural structures to full-scale in situ structures. While off-site manufacturing 
setups require additional peripherals, it allows for the fabrication of building com- 
ponents in a controlled environment (Gomaa et al. 2023). Thus, it avoids delays due 
to dynamic site conditions and widens the potential of testing the application of 
novel construction materials. On the other hand, on-site machinery reduces trans- 
portation overheads and produces larger objects, often directly in situ (Dubor et al. 
2018). The role of this on-site machinery includes material sourcing, material 
processing, and building procedures. Additional machines might be required to 
process materials sourced from the site and surface finishing operations. 


7.2.3 Computational Methods 


The paradigm shifts in architectural design, in which architects use more digital 
tools, parametric modelling, scripting, etc., to produce geometries providing an 
approach in which design-generating parameters may be changed on the go using 
intelligent systems such as machine learning (Guo Liang and Yeong 2022). In AM 
processes, such a parametric computational design approach acts as a ‘middleware’ 
in the workflow between generated digital designs and the already manufactured 
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sequence. This allows a control to adjust relevant process parameters. The role of 
computational design tools is critical since most AM processes are time sensitive and 
need application-specific information exchange between the parameters. 

Like the approach of dfab, AM processes involve integrating design and 
manufacturing processes within a single digital environment to reduce the gap 
between design and fabrication. Such control over the process in AM on a building 
scale is beneficial when site conditions and material qualities vary. Because of the 
parametric control workflow, it is now possible to model and record previously 
unanticipated material and site conditions change to effectively adapt to construction 
errors. This allows for the emergence of novel, cost-effective, and fabrication-aware 
individualised design solutions. 


7.2.4 Summary 


AM has established a new construction domain that can be generated digitally and 
has also addressed the construction sector’s problems of low productivity and waste 
generation. Yet the materials presently used for AM have severe environmental 
impacts owing to the material’s high embodied carbon and one-time use (Faludi 
et al. 2015). The following section will address the inclusion of AM processes within 
a circular economy framework, highlighting the essential characteristics that render 
AM a feasible option for transitioning towards a circular built environment. 


7.3 Additive Manufacturing for a Circular Economy 


7.3.1 Advantages 


AM enables product innovation through design freedom of mass customised and 
cost-effective components. It further presents unique features to support circular 
economy initiatives, such as waste-free production and the opportunity to test novel 
sustainable material systems promoting product durability and reuse. Consequently, 
AM has been adopted by various sectors to reduce environmental impacts. The 
overview from the preceding section about the diverse application of AM highlights 
its status as a technology driving the transition to a circular production system, which 
results in the reconfiguration of the supply chain, laying the groundwork for 
attaining a circular economy. The advantages of employing AM within a circular 
economy include the following (Hettiarachchi et al. 2022): 


e Resource efficiency and minimal waste generation due to the selective deposition 
of the AM processes. 

e Reduction of transportation-related environmental and economic impacts through 
the on-demand production of customised, locally produced products. 
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e Diverse material applications adopting the strategy of design for disassembly 
with prefab components help in easy and clean disassembly for reuse and local 
repair. 

e Flexibility to use excavated and recycled materials, which reduces the environ- 
mental impact caused due to the embodied carbon of the materials. 

e Individualised production to help in the renovation and restoration of buildings. 

e Flexibility to adjust and optimise each component to its individual needs and 
situation. 

¢ The use of novel standard and non-standard material in the AM process. 

e Adaptability for making connections that adapt to the uniqueness of various 
material systems. 


7.3.2 Additive Manufacturing in a Circular Built 
Environment 


Resource efficiency is a key factor in AM stepping up to a building scale in the built 
environment context. The article presented ‘An Emerging Framework for the Cir- 
cular Digital Built Environment’ (Cetin et al. 2021) identifies four distinct resource 
strategies to achieve the CE concept in the built environment: narrowing the loop, 
slowing the loop, closing the loop, and regenerating the loop. Building on this 
framework in the context of a circular built environment, AM showcases an impact- 
ful building solution: AM process allows for optimised material use for manufactur- 
ing, thereby ‘narrowing the loop’ by using less material to construct and generate 
minimal waste. The durability of the products achieved by the computational design 
workflow using CAD software helps ‘slow the loop’ by efficiently using material 
through geometric optimisation and targeted component repair, instigating a longer 
life cycle. Additionally, the materials used contribute significantly to the efficiency 
of the circularity process by ‘closing the loop’ by allowing the use of reclaimed and 
recycled materials. The freedom of using naturally sourced, nonconventional mate- 
rials helps in the ‘regenerating loop’ of the product cycle by facilitating the disposal 
of materials upon the completion of the cycle. 

The circularity of a building in AM processes is considerably affected by 
activities related to both the machine configuration and the materials employed, as 
they are closely dependent on the environmental and economic impact linked to their 
sourcing, manufacturing, and transportation. These operations include transporting 
resources for off-site manufacturing of stock materials or equipment transportation 
for on-site manufacturing setup. While prefabricated parts are often preferred in the 
construction industry due to quicker construction times, enhanced quality control, 
product durability, increased safety, and decreased waste, on-site manufacturing 
offers several advantages, including low environmental impact and high levels of 
customisation in construction. 
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7.3.3 Summary 


Consolidating science-based information on building components’ greenhouse gas 
emissions (GHG) and related activities across their full life cycle is an important 
feature of implementing climate mitigation methods. In the context of the built 
environment, it is particularly informative to look at the emissions resulting from 
processes preceding the occupancy of a building early into the sourcing of construc- 
tion materials: “Quantitatively, the phases of material manufacturing, transportation, 
and on-site construction were responsible for 94.89%, 1.08%, and 4.03% of energy 
consumption, respectively, and 95.16%, 1.76%, and 3.08% of global warming 
potential’ (Hong et al. 2014). While both off-site and on-site systems rely on 
transporting material or equipment from another location, the use of a kilometre- 
zero (km-0) approach in construction would prove to be an effective instance of AM 
in a circular built environment, promoting social, environmental, and economic 
sustainability (Farias et al. 2017). The km-0 strategy first appeared in the slow 
food movement to promote the consumption of local ingredients, reducing the 
distance between producers and consumers (Souza Eduardo 2021). In the framework 
of a circular built environment, this would include construction using only locally 
available building resources and materials benefiting from natural and low-impact 
processing. The following section will focus on 3D printing with earth (3DPE) as an 
effective solution for AM in a circular built environment using excavated sustainable 
and recyclable material primarily consisting of raw earth. 


7.4 Case Studies 


Because materials used in AM (such as cement mortars, plastics, and metals) are 
environmentally damaging due to their embodied carbon content and supply chain, 
exploring alternative materials of a more circular nature is crucial. Raw earth is a 
readily available material and presents a traditional precedent use in the field of 
construction. Traditional building techniques using unprocessed earth have evolved 
through centuries of local knowledge. They need minimal energy for construction, 
but these solutions are not competitive due to their labour-intensive nature and slow 
building pace (Minke 2013). Alternatively, 3DPE has upgraded the conventional 
earth building methods of direct shaping and extruded earth by combining them with 
computer-controlled machines and improved safety and control over the construc- 
tion process while keeping the environment and performance benefits of traditional 
earth construction. The process of 3DPE demonstrates a construction system capable 
of minimising greenhouse gas emissions (GHG) from construction components, 
achieved through the use of km-0 robotic AM. 
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7.4.1 Introduction to 3D Printing with Earth 


3DPE methods use the layer-based AM approach, comparable to the Contour 
Crafting method using earth-based materials. In contrast to other additive 
manufacturing (AM) processes used in the construction industry, such as 3DCP, 
3DPE stands out for its ability to avoid the use of environmentally harmful chemicals 
to speed up the material curing process. Instead, it combines water and aggregates to 
achieve the necessary level of malleability for 3D printing. In 3DPE, the walls of the 
construction components are connected using infill. This helps create a load-bearing 
volume with enough structural depth. These infills provide more practical structural 
features, such as incorporating electrical and plumbing services, a network of air 
cavities for natural ventilation, adding a filler material to augment heat lag, etc. 
(IAAC 2022). By adopting 3DPE, there is a significant reduction in operating energy 
and a more efficient resource consumption loop. This is achieved by closing the 
cycle, which minimises the energy consumption required to operate the building. As 
depicted in Fig. 7.1, a crucial feature of 3DPE is the seamless integration of on-site 
processes, starting from excavation to the final detailed finishes in the constructed 
building, utilising locally sourced materials. 

3DPE presents an alternative building method with a circular design-to-construc- 
tion life cycle consideration of the built environment, which counteracts the ten- 
dency of excessive energy consumption in building operations. Additionally, the 


s i ee: i 


PN 5. PRINTING i 
i Daai a 4. PUMPING Í 


K 


Fig. 7.1 Suggested construction scenario for on-site 3DPE excavating the material using Crane 
WASP. The illustration portrays the distinct phases of the supply chain, starting with material 
acquisition and processing, followed by the construction process, resulting in the final product of a 
constructed building. Highlighted in red indicates the stage at which the material can be recycled 
and reintroduced into production, forming a circular use of the excavated material 
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different aspects of a 3DPE construction process, plus the use of local labour and 
participation in local economies across its value chain and its accommodation of 
complex and innovative building models, showcase the circularity of 3DPE as a 
construction system that closes the loop of circularity in a building process. The 
following subsections present three case studies demonstrating large-scale imple- 
mentation of 3DPE that indicate how the transition from an off-site to an on-site 
mode of a 3DPE building significantly affects the circularity of the building. In 
addition, the case studies also display the integration of wooden components with 
3DPE in ways that add architectural functionality to the built structure. 


7.4.2 Digital Adobe: Prefabricated Components 
Manufactured Off-Site Using Recyclable Materials 


The first case study presents Digital Adobe, developed during the OTF 2017-2018 
course at IAAC and built in the Valldaura Campus of IAAC (IAAC 2018). It is a 
2-metre-wide and 5-metre-high printed clay wall with a varying thickness (0.7 m at 
its bottom and 0.2 m at its top) with a wooden slab resting on the wall at 2.6 m to 
simulate a clay/wood building unit, where the connections between two materials 
and the vertical load from a horizontal slab can be tested. Digital Adobe serves as the 
first large-scale exploration of combining 3DPE and wood elements where the 3D 
printed earthen component takes the compression load of the structure, and the 
wooden spanning element works in tension (Fig. 7.2). 

The primary focus of the case study was to explore the climatic and structural 
performances of 3DPE. With the long-established understanding of clay’s thermal 
properties to moderate heat transmission, the team has sought a design to enhance 
such properties. To limit temperature transfer from one side of the wall to the other 
and to improve the compressive strength of the wall, the infills were filled with 
unprocessed soil. A ventilated wall design reduced summer heat gain through 
convection between the openable top and bottom openings. It retained heat in the 
winter when both openings were closed. 

The material mix consisted of conventional adobe mix, including clay, sand, silt, 
and aggregates. Vegetable enzymes are used to reach the grade of the fluidity of the 
material mixture needed to achieve the flow rate required to extrude the material for 
3D printing. The prototype was partially built with recycled material from the 
preceding research of On-Site Robotics at [AAC in 2017. Around two tonnes of 
material from On-Site Robotics (Dubor et al. 2018) was recycled, making up almost 
half of the prototype’s total material source. To make the recycled material usable for 
3DPE again, it was crushed and rehydrated using a much-reduced number of 
enzymes. Finally, ‘closing the loop’ in resource management was proven by the 
recycling and reusing process. 
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Fig. 7.2 Digital Adobe (2018) is the outcome of research on 3DPE for a performative habitat. 
Design parameters in robotic construction enhance climatic and structural properties innate to the 
material. Thermal properties such as transmittance are regulated by robot precision through the 
geometry design of the global shape, surface texture, and ventilating cavities. (© Dongliang Ye) 


7.4.3 TECLA: On-Site Construction Using Excavated 
Materials 


TECLA (WASP 2022) is an innovative circular house unit built in Massa Lombarda 
by WASP and Mario Cucinella Architects (MCA), integrating research on vernac- 
ular building techniques with natural and regional materials. TECLA was 
constructed using two synchronised printer arms concurrently, utilising industrial 
automation protocols to optimise mobility, avoid collisions, and ensure efficient 
operation. Each printer unit has a printing surface of 50 square metres, allowing for 
the rapid construction of house modules. TECLA has a floor size of 60 square 
metres; it comprises a living zone with a kitchen and a night zone with services. The 
structure is a composition of two continuous elements that, through a sinuous and 
uninterrupted sine curve, culminate in two circular skylights that produce zenithal 
lighting (Fig. 7.3). 

In addition, the composition of the earth mixture responds to local climatic 
conditions, and the filling of the envelope is parametrically optimised to balance 
thermal mass, insulation, and ventilation according to the climate needs. The mate- 
rials used were local soil of 6 mm maximum aggregate size, sand, rice husk, and 
Mapesoil, a lime-based binder added at 5% by weight of the batch. 

The proposal was centred on environmental variables, particularly solar analysis, 
which was the design driver behind the undulated surface and increased the total 
surface area of the outer facade. Using computational tools to create climate- 
responsive shapes to improve raw earth’s physical qualities ensures increased 
passive energy performance of built structures. 
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Fig. 7.3 The sustainable, innovative TECLA model (2021) of on-site housing construction uses 
materials sourced from the construction site and constructed using the modular Crane WASP 
machine. (© WASP) 


7.4.4 TOVA: On-Site Construction with Excavated 
and Recyclable Materials 


TOVA is a building prototype (AAC 2022) demonstrating the potential of 3DP with 
sustainable materials in response to increasing climate challenges and related hous- 
ing emergencies. It was built in the Valldaura Labs facility in Collserola Park, on the 
outskirts of Barcelona. The construction spans 7 weeks and uses a Crane WASP 
modular printer and km-0 materials. Using local materials sourced within a 50-metre 
radius reduces the environmental impact of transportation and waste generation 
during construction. TOVA can be studied as a near-zero emissions project: the 
design is tested via digital and physical simulations to reduce carbon footprint, 
considering the life cycle assessment of the building components. The circular 
design approach is aimed at designing an environmentally responsive building 
constructed from reusable biomaterials across the construction phases as follows: a 
geopolymer foundation, a framework made of local earth, mixed with additives and 
enzymes to ensure the structural integrity and material elasticity necessary for the 
optimised 3DP of the house, a locally sourced timber roof structure, and wooden 
carpentry. To improve the material’s longevity and weather resistance, a waterproof 
coating is added using raw extracted materials such as egg whites. 

The building design of TOVA is based on a precise site condition of the 
Mediterranean: the volume is compact to protect from the cold in winter, yet 
expandable for the other three seasons. For this purpose, the wall section, composed 
of six earth surfaces and a network of cavities containing air or insulation, was 
calculated to prevent winter heat loss while protecting from summer solar radiation. 
The result is a climate-responsive building: the design considers digital and physical 
simulations to reduce construction footprints, monitor the reduction of greenhouse 
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Fig. 7.4 TOVA (2022) is a completed circular building prototype using locally sourced materials 
constructed with 3DP processes achieved by a layer-based deposition of earth material mixture and 
a timber wood structure and a network of cavities in the wall that participates in the climate- 
responsiveness of the building. (Photographs by Gregori Civera) 


gas emissions, and consider the life cycle assessment of the building components. It 
also demonstrates the valuable knowledge of traditional material craftsmanship in 
informing a technology-driven association for establishing circular constructions in 
the built environment (Fig. 7.4). 

The implementation of on-site printing techniques and the use of natural materials 
in 3DPE guarantee the circularity of the construction process. As no chemical 
modification is needed to recycle the structure at the end of its life, it effectively 
prevents residual waste and pollution. The printed earth layers are returned to the 
source of the material, completing a full loop of circularity in the construction cycle. 


7.5 Discussion 


Three critical developments have allowed for the widespread use of AM in the 
construction sector: 


e Accessibility to machines: The advancement of lightweight and modular con- 
struction machinery, such as the Crane WASP, has led to the widespread adoption 
of on-site construction services utilising materials from companies like Icon3D 
(USA), Cobod (Denmark), Tvasta (India), and WASP (Italy). These innovations 
have significantly expanded their presence and usage on a global scale. 

* Material processing techniques: In the specific case of 3DCP, rheological control 
of material processing machines was a key breakthrough for ensuring the ‘set on 
demand’ behaviour of the material to enable structural buildup during printing. In 
upcoming years, these concepts could be extended to more sustainable processes 
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such as 3DPE to increase build rate and construction efficiency to make the earth 
construction market competitive. 

* Training design professionals: The emergence and constant evolution of new AM 
processes for construction require special skill sets for operators to use such 
technologies efficiently. From an academic standpoint, teaching and preparing 
the next generation of professionals is crucial for effectively managing these 
complex technological environments. It is crucial that the designs coming out of 
such a process are optimal for the technology in terms of material and structural 
efficiency. 


The broad implementation of AM globally will be aided by the availability and 
accessibility of digitally controlled machines for processing material and fabricating. 
With the rising concerns over the sustainability of the construction industry, the 
focus will be on AM technologies that use sustainable materials. With a surge of 
technologies such as 3DPE, the applications might expand in extreme scenarios to 
form a sustainable, on-site, waste-free construction process. 3DPE has the potential 
for various uses, from emergency shelters in rural settings with plentiful local 
resources but limited masonry skills to commercial residences with climate- 
responsive designs that solve severe climatic challenges. 

The complexity of AM processes stems from the interdependency of machine, 
material, and design characteristics. The presented projects pose limitations regarding 
durability and efficiency, which imply two future developments needed for research: 
(1) on a construction site where materials are susceptible to changes in ambient 
temperature, machine downtime is a significant problem that prevents the technology 
from being used to its total capacity and thus makes it unaffordable, and (2) in addition 
to dynamic building site circumstances, material variations throughout construction 
make it challenging to forecast the precision and effectiveness of the technology. Multi- 
staged diagnostics, including feedback on the integrity of the material, deformation of 
the structure, and maintenance areas, will help improve construction quality. 


7.6 Key Takeaways 


e The introduction of additive manufacturing (AM) as a unique construction 
method has redefined efficient processes and, when used with sustainable mate- 
rials, has the potential to reduce the building sector’s environmental impact. 

e Machine availability and AM professional training are necessary for enabling 
sustainable on-site construction using sustainable AM materials. 

e Using AM and integrating other building components can greatly enhance the 
design potential for climate-responsive building construction. 

e Promoting socially and environmentally sustainable AM processes could lead to 
a new building system that involves closing the circularity loop via utilising local 
resources for construction that can be recycled and reused. 
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e Using local materials and resources allows for a fully inclusive construction 
process, supporting and boosting local economies by involving various local 
stakeholders in the value chain. This could lead to the rapid adoption of the 
AM construction system in countries most affected by climate-related housing 
emergencies. 
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Cooperative Robotic Fabrication teter 
for a Circular Economy 


Edvard Patrick Grigori Bruun, Stefana Parascho, and Sigrid Adriaenssens 


Abstract In a cooperative robotic fabrication (CRF) framework, multiple industrial 
robots are specifically sequenced to work together, thus allowing them to execute 
coordinated processes with greater geometric and structural variation. In the context 
of the construction industry, agents in a cooperative setup can perform complemen- 
tary functions such as placing or removing building components while simulta- 
neously providing temporary support to a structure. This approach can reduce, or 
completely remove, the need for temporary external supports and scaffolding that 
would typically be required for stability during the construction of geometrically 
complex spanning spatial structures. For a circular economy, this means overall 
reductions to primary resource inputs and improvements to the disassembly, reuse, 
and reassembly potential of a structure at the end of its life. This chapter gives a 
summary of three projects that successfully demonstrate the use of cooperative 
robotic fabrication to promote several principles of a circular economy through 
different scaffold-free construction applications. The topics covered in this chapter 
will be of interest to researchers and professionals interested in the emergent 
intersection of digital fabrication, robotics, and sustainability applied to the building 
industry. 
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8.1 Introduction 


To reduce the environmental burden of the construction industry, new methods of 
practice must be adopted to help move away from a wasteful and resource-intensive 
design mentality. In this chapter, we introduce the emergent technology of cooper- 
ative robotic fabrication (CRF) and describe its potential to enable new applications 
that will facilitate a transition to more sustainable circular models of building design 
and construction. We focus on CRF as a technology strictly in the physical domain 
and demonstrate how such setups, when used to perform multiple tasks simulta- 
neously in precisely choreographed sequences, can enable novel assembly, disas- 
sembly, and reuse processes. 


8.1.1 What Is Cooperative Robotic Behaviour? 


Robotic fabrication (RF) refers to any fabrication process that is completed with 
some degree of automation. CRF is a subset of RF and can be thought of as any 
process where the robotic agents are specifically coordinated to accomplish tasks 
that would not be possible if the robots were working alone. Cao et al. (1997, p. 8) 
state that “a multiple robot system displays cooperative behaviour if, due to [the 
mechanism of cooperation], there is an increase in the total utility of the system”. 
Thus, cooperative robotic cells can fall under the category of either multi-arm 
individual robots, multiple single-arm robots, mechanical hands with independently 
controllable fingers, or a combination of these, working together in a synchronous 
fashion (Liu et al. 2004; Ranky 2003). 

A single robotic agent, regardless of physical or digital complexity, is naturally 
limited in the type and number of actions it can simultaneously execute. Only in 
multi-robotic fabrication (MRF), where multiple agents are placed together in a work 
cell, does it become possible to unlock the potential of collective behaviour to 
achieve more complex outputs. All MRF setups exhibit some form of collective 
behaviour, but while cooperative behaviour is subset of collective behaviour 
(i.e. CRF © MRF), the converse is not true (i.e. MRF CRF). A CRF process entails 
further utility beyond the collective behaviour that comes from a basic implementa- 
tion of MRF. This hierarchy is illustrated in Fig. 8.1, where the output of an MRF 
setup is defined as scaling linearly with the number of agents to produce more of the 
same output (i.e. several robots working in parallel), as opposed to a CRF process 
where the output is uniquely contingent on all the agents working together. 

Another important distinction is between the terms cooperative and collaborative, 
which are commonly used interchangeably to describe multi-agent robotic processes 
in the literature. To avoid ambiguity, collaborative is herein only used for a process 
where robot(s) work together with, or alongside, human operators. Collaborative 
processes exist across the entire RF hierarchy illustrated in Fig. 8.1. For example, 
collaborative processes are possible with a human working with a single robot 
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Fig. 8.1 Cooperative robotic fabrication as situated in the overall robotic setup hierarchy (RF- 
robotic fabrication, MRF-multi-robotic fabrication, CRF-cooperative robotic fabrication, Co-col- 
laborative). A setup is cooperative, if by the process of cooperation, a novel output is made possible 
(i.e. B), as opposed to a basic MRF process which only allows more of the same output to be created 
in parallel (i.e. A) 


(Co-RF, as in Asadi et al. (2018)), with multiple robots in series on an assembly line 
(Co-MRF, as in Weckenborg et al. (2020)), or to complement the cooperative 
function of multiple robots (Co-CRF, as in Bruun et al. (2020)). 


8.1.2 Broad Applications 


Alongside applications in the built environment, which are specifically discussed in 
Sect. 8.2, CRF is utilised in many industries when flexible manufacturing systems 
are necessary or where tasks occur in poorly structured environments (Caccavale and 
Uchiyama 2016). In generic manufacturing applications, CRF processes have a 
conceptual advantage over single robot processes with their ability to distribute the 
work among several potentially smaller robots and thus better control the internal 
forces, torques, and displacements associated with a payload (Montemayor and Wen 
2005). In addition, CRF processes also allow for improved robustness against work 
interruptions through redundancy in the functions of the robots, improved flexibility 
through the ability to reconfigure a fabrication cell to fit different conditions, and 
improved task precision through the ability to dexterously grasp and then manipulate 
an object (Gudifio-Lau and Arteaga 2005; Montemayor and Wen 2005). Many 
generic tasks only become possible to automate when multiple robotic agents or 
manipulators are used cooperatively for carrying heavy loads, moving voluminous 
objects, avoiding obstacles through complex movements, handling flexible objects 
with extra degrees of freedom, and assembling multiple components without using 
dedicated supporting fixtures or jigs (Caccavale and Uchiyama 2016; Gan et al. 
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2012; Li and Zhang 2018). Different industries use CRF workflows for various 
industry-specific applications, for example: 


e The agricultural industry has seen major adoption of automation technologies in 
recent years (Lytridis et al. 2021) and specifically in cooperative robotic setups 
for foraging and picking tasks for various fruits and vegetables (Ahlin et al. 2017; 
Ling et al. 2019; Sarabu et al. 2019; Sepulveda et al. 2020). 

e The automotive industry has a long history of being at the forefront of automation 
and is a leader in developing and utilising both CRF and Co-CRF technologies 
(Michalos et al. 2010) for tasks such as welding (Papakostas et al. 2011; 
Pellegrinelli et al. 2017; Wu et al. 2000) and panel assembly (Connolly 2009). 

¢ The fibre composite manufacturing industry has been using cooperating robots 
for laying and smoothing sheets of material (Malhan et al. 2018; Szcesny et al. 
2017) and in filament winding (Sbanca and Mogan 2015) for fabricating high- 
strength, geometrically complex components. 

e In heavy industry such as ship building and bridge construction, a dual-arm robot 
coupled with a hoist mechanism has been proposed to handle heavy workpieces 
(Shinohara et al. 2001). 

e For generic industrial warehouse applications, cooperating mobile robots have 
long been used to move large and heavy objects (Hirata et al. 2000; Mataric et al. 
1995). 


8.2 Cooperative Robotic Fabrication in the Built 
Environment 


The general use of robotics in the built environment is motivated by many of the 
same reasons as in the industries mentioned in Sect. 8.1, specifically high precision 
and task repeatability (Wang et al. 2021), improved productivity (Xu and Garcia de 
Soto 2020), improved site safety by reducing worker injuries (Chu et al. 2013), 
standardisation of product quality (Dritsas and Soh 2019), and the ability to conduct 
work remotely to facilitate any necessary social distancing (Wang et al. 2021). One 
of the first recorded uses of robots in the construction industry was the Motor Mason 
automated bricklaying machine from the 1960s (British Pathé 1967). But it was not 
until the 1970s, in Japan, that robots in the construction industry saw serious 
exploration and use, specifically for the prefabrication of modular housing compo- 
nents (Bock and Linner 2016). In the 1980s, more on-site robots appeared, followed 
by a proliferation of robots used for various specialised construction tasks over the 
next decades (Bock 2007). In the mid-2000s, the large-scale application of robotics 
in the context of architectural and building design began with the growth of the 
digital fabrication (DFab) movement (Bonwetsch et al. 2006; Gramazio and Kohler 
2008). This movement emphasised the design and construction of geometrically 
complex, efficient, and bespoke structures that were often only made possible, or 
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sufficiently productive (Garcia de Soto et al. 2018), by combining novel digital 
technologies with more complex robotic setups. 

A recent literature review on robots in the construction industry found that 
collaboration (used there to refer to both robot-robot and robot-human processes) 
is one of three major topics of recently published research (Xiao et al. 2022). CRF 
setups have been specifically demonstrated for automation, parallelisation, and 
scaling applied to rapid assembly and prefabrication, on-site additive manufacturing, 
and general task automation (Kayser et al. 2018; Petersen et al. 2019) and for future 
building applications in challenging environments such as space construction (Xue 
et al. 2021). In Sects. 8.2.1, 8.2.2, and 8.2.3, we summarise CRF applications in the 
construction industry organised according to the typical scale of their application 
(e.g. material, product, and building) and whether they originated specifically from 
the DFab research community or from the broader construction industry. 


8.2.1 CRF at the Material Scale 


CRF at the material scale is defined by small-scale processes that feature precise 
manipulation and subtractive/additive operations on single material units (e.g. a 
block of stone, a pipe, a structural member). General construction applications 
include the use of dual-armed table-top-sized robots, such as the IRB14000 (ABB 
2015), for shaping materials and joining light building components such as small 
pipes (Afsari 2018). But in general such platforms suffer from limited payloads and 
are thus not capable of heavy lifting or manipulation of standard objects that are 
typical in most construction applications. 

DFab applications include the use of CRF setups for cutting expanded polysty- 
rene (EPS) foam blocks to create non-ruled and doubly curved surfaces. For 
example, custom concrete formwork was manufactured using a heated blade 
mounted on two robotic arms (Søndergaard et al. 2016). The relative displacement 
of the robot flanges was used to provide curvature to the blade, which shaped the cut 
through the workpiece as a third robot moved the foam block linearly through space. 
Another example used a heated wire instead, which two robots swept through a fixed 
foam block, using the resistance of the wire against the foam to create a 
non-standardised undulating surface profile for a series of wall panels (Rust et al. 
2016). In the tying of knots in cables, which is a material-scale task, the creation of 
loops and crossings cannot be performed by a single robot (Augugliaro et al. 2015). 
In a project on the aerial construction of tensile rope structures, the spatial 
manoeuvrability of multiple flying unmanned aerial vehicles (UAVs) was utilised 
to tie a knot using coordinated multi-robot flight trajectories, thus establishing a 
structural node in three-dimensional space (Augugliaro et al. 2013; Mirjan et al. 
2014). 
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8.2.2 CRF at the Product Scale 


CRF at the product scale is common in modular construction applications, for 
building stand-alone components (i.e. walls, truss sections, shell panels) or 
transporting components as part of assembling a larger structure. In the context of 
prefabrication, CRF supports the goals of improving productivity, reducing labour, 
and maintaining a more predictable work environment (Vähä et al. 2013). 

General construction applications include the assembly of a box girder structure, 
which was performed with a team of mobile robots that cooperated to move separate 
panels, align the parts, and fasten them together (Dogar et al. 2015). In another 
mobile robot example, NASA’s Jet Propulsion Laboratory (JPL) Robot Construction 
Crew was used for picking and cooperatively transporting aluminium beams into an 
interlocking structure in the context of construction for space exploration applica- 
tions (Huntsberger et al. 2005; Stroupe et al. 2005). In another space-related appli- 
cation, tetrahedral truss structure modules for an astronomical telescope were built 
on a rotating platform as a second robot placed struts into accessible regions of the 
structure (Doggett 2002). 

DFab applications include the construction of modular components for both 
wood and composite fibre structures. In one project, timber modules with nonplanar 
geometries were constructed with two robotic arms used to place linear stud mem- 
bers while also supporting the corners of the structure in their unfinished state (Adel 
et al. 2018; Thoma et al. 2018). In another research project, prefabricated cassettes 
for a segmented timber shell pavilion were assembled on a rotating central turntable 
where one robot manipulated the unfinished module in space, while the other robot 
performed gluing, nailing, milling operations (Wagner et al. 2020). For composite 
fibre structures, a CRF process was used in the construction of a modular fibre shell 
pavilion consisting of 36 geometrically varying panels (Doerstelmann et al. 2015). 
Using the synchronised motion of two robots, a coreless filament was wound around 
an adaptable steel frame that defined the boundary polygon of each module 
(Parascho et al. 2015; Prado et al. 2014). In another filament winding project, two 
robots exchanged a spool of filament allowing it to reach and wind around support 
points in space to create varying modules for a spanning space frame structure 
(Duque Estrada et al. 2020). 


8.2.3 CRF at the Building Scale 


CREF at the building scale is common for the in situ construction of large structures or 
for performing work that requires complex task sequencing beyond what is possible 
by a single robot working alone. Processes at this scale emphasise the use of the 
robots to provide temporary support and guarantee stability for a structure as it is 
being built, and to expand the feasible work volume and reach beyond that of 
a standard RF setup. 
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General construction applications of CRF include an integrated construction 
robot platform featuring multiple robotic trolley hoists and mobile welding robots 
that are used to reach all areas of a steel structure as it is being constructed (Saidi 
et al. 2016). In one research project, the challenge of small payloads in aerial 
construction was overcome by the cooperative effort of multiple UAVs used to 
grasp, manipulate, and transport large structural elements into a structure on site 
(Mellinger et al. 2013). Several examples exist for in situ construction for space- 
based structures and applications. The multi-limbed Hexbot robot was designed to 
assemble a telescope truss structure directly in space by carrying large components 
that required more than one arm to grasp. The robot used its multiple limbs to 
simultaneously walk on the structure, stay anchored, perform the gross movement 
of components, and connect them to the existing structure at the point of assembly 
(Lee et al. 2016). In another related space construction project, the two-armed 
RoboSimian robot was used in a similar role as the Hexbot, for the manoeuvring 
and in-place assembly of a telescope truss structure (Karumanchi et al. 2018). 

DFab applications of CRF at the building scale have been demonstrated for 
various structural typologies and typically fall under two distinct categories of 
material systems: continuous (e.g. filaments or cables) or discrete (e.g. rods, studs, 
or bricks) elements. An example of a project where a continuous material system was 
combined with a CRF process was in the construction of a large monocoque shell 
structure, where a UAV was used to pass a fibre spool between two static robotic 
arms placed at either end of the work volume. The filament was wound between the 
two robotic arms, expanding the feasible build volume by making it possible to build 
a structure within the interstitial space outside the reach of the two stationary robotic 
arms (Felbrich et al. 2017; Vasey et al. 2020). In another aerial construction project, 
volumetric cable structures were built in situ using two flying UAVs in a cooperative 
process of tying knots in space (Mirjan et al. 2013, 2016). In a final example of a 
continuous material system CRF process, multiple wall-climbing robots were used 
to pass filament between themselves, winding it around fixed anchor points to 
construct an in situ tensile structure (Yablonina and Menges 2019). 

CRF for discrete element assembly at the building scale was first developed for 
the assembly of geometrically differentiated metal space frame structures (Parascho 
et al. 2017, 2018). This research focused on developing sequences and path-planning 
methods that used two robotic arms to alternate either providing temporary support 
or adding elements to the structure. In another project where cooperating robots were 
used for temporary support, a branching arch structure was built out of foam blocks 
without requiring scaffolding by relying on two robots as simultaneous mobile 
temporary supports (Wu and Kilian 2018). In the final example of a discrete element 
CRF process, a cooperative building-scale sequence was also demonstrated in the 
construction of a timber pergola roof structure, where one robot was used to support 
the member in space while the other performed an in situ drilling and fastening 
operation (Thoma et al. 2019). 
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8.3 Cooperative Robotic Fabrication for a Circular 
Economy 


CRF processes can be generally used to foster a transition towards a circular 
economy. This discussion is situated in the context of the narrow, slow, close, and 
regenerate framework developed by the editors of this book (Cetin et al. 2021). To 
date, CRF has been applied to address objectives that are part of the narrow (Sect. 
8.3.1), slow (Sect. 8.3.2), and close (Sect. 8.3.3) principles, with potential future 
applications discussed in Sect. 8.3.4. The regenerate principle is not yet linked to 
CRF but may be in the future. 


8.3.1 Narrow 


With respect to the narrow principle, the following objectives are specifically 
applicable to CRF: (1) reducing primary resource inputs, (2) designing for structural 
performance, and (3) improving construction efficiency. First, primary resource 
inputs for constructing new structures can be reduced by leveraging the potential 
multi-functionality of a CRF setup. For example, while one robot places structural 
members during construction, other robots simultaneously provide temporary sup- 
port to the structure in its unfinished state. All robots can then alternate their function 
throughout the fabrication process. Their function at each fabrication step, as either 
the active robotic agent (i.e. placing material) or the passive robotic agent 
(i.e. supporting the structure), is determined by the operator. A structure designed 
based on such an alternating “support-place” cooperative robotic sequence is con- 
sidered fabrication informed as the fabrication process itself explicitly shapes its 
design. Using such an approach allows for the reduction, or complete removal, of 
temporary falsework, scaffolding, and supporting structure that would normally be 
required to build the structure using traditional construction methods, thereby 
reducing the primary resource inputs associated with constructing this temporary 
support structure. This cooperative approach is especially relevant for spanning 
discrete element structures (e.g. masonry vaults and space frame structures), which 
often require extensive temporary supporting structures as they are only self-stable at 
their completion or only at specific stages during the construction process. This type 
of cooperative sequencing is demonstrated in each of the three projects presented in 
Sects. 8.4.1, 8.4.2, and 8.4.3. 

The second objective of the narrow principle applicable to CRF is based on how 
material usage in the structure itself can also be reduced by designing its form such 
that it maximises structural performance. For example, form-found or topologically 
optimised structures are materially efficient by virtue of their shapes or connectivity 
being optimised for various loading conditions but often result in geometrically 
complex structures that are challenging to construct with traditional methods. 
Applied to the prefabrication of structural modules, it is possible to realise complex 
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geometries by relying on the spatial precision of a robot to place material accurately 
in 3D space. This capability is augmented in a CRF setup, which allows for the 
simultaneous cooperative manoeuvring and repositioning of structural modules that 
are under construction to facilitate accessibility. 

The third objective recognises efficient but geometrically complex structures can 
be time-consuming and require several workers to construct (Garcia de Soto et al. 
2018). A CRF process can improve construction efficiency by taking on certain 
material handling and movement tasks to reduce the overall time and labour 
resources required. 


8.3.2 Slow 


With respect to the slow principle, the following objectives are specifically applica- 
ble to CRF: (1) design for reversibility and (2) lifetime extension. Regarding the first 
objective, design for reversibility, CRF setups can be used for the disassembly of 
geometrically complex or spanning structures, which can thus be designed with 
explicit potential for reversibility from the outset. For example, the structure can be 
designed as an assembly of modules that can be more easily isolated and removed 
from the overall structure. To assist in this process, a CRF setup can be used with 
similar robotic task allocations as in assembly: the robots work cooperatively acting 
as temporary supports while simultaneously separating and removing self-rigid 
modules from the structure. The robots perform the physically demanding, and 
potentially dangerous, tasks of removing material while also indefinitely supporting 
and stabilising the structure in its temporary state of disassembly. The project 
described in Sect. 8.4.2 features a structure that is specifically designed so that it 
can be taken apart in a stability-preserving way when using a cooperative robotic 
sequence. 

Regarding the second objective of the slow principle, CRF setups assisting in the 
task of disassembling a structure create an opportunity to start considering the use of 
automation for building lifetime extension. If a structure is designed with modularity 
in mind, damaged components can be more quickly isolated, removed, and eventu- 
ally replaced without requiring large interruptions to the function of the structure 
(e.g. construction of temporary support or scaffolding). 


8.3.3 Close 


Regarding the close principle, the following activities are made possible 
through CRF: (1) tracking, documenting, and tracing building components and 
(2) reuse and reassembly. First, accurate 3D models of a structure can be created 
and used to build a digital twin to document geometric location and placement 
accuracy of structural and nonstructural components or to perform visual grading 
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and inspection. CRF setups facilitate this process as the positional information that is 
inherent in a robotic platform can be used to accurately stitch together multiple 3D 
image captures from different cameras and perspectives. This can create a complete 
digital model of an existing structure, which would not always be possible with a 
single robot due to obstructed perspectives. In terms of the second objective, when 
CRF is applied to disassembly, it also facilitates the reuse and reassembly of 
structural components while modifying a building or recuperating material that 
would normally be treated as construction waste. This approach is demonstrated in 
the project described in Sect. 8.4.3. 


8.3.4 Future Applications 


CRF is typically used within laboratory environments. However, if research expands 
from static industrial robots towards mobile machines and large-scale construction 
machines, the technology could be directly applied on construction sites to enable 
more material-efficient construction and engender faster and more precise disassem- 
bly and reassembly processes. These developments would contribute to the slow and 
close principles. 

In addition, integrated force-torque sensors mounted on the robot tool flange can 
be leveraged in a cooperative manner to carry out in situ non-destructive testing on 
structures to further collect data on their performance in their final state or as they are 
being assembled or disassembled. This wealth of data can be used to design more 
materially efficient structures, better evaluate overall structural performance during 
fabrication, and measure parameters like the stiffness or degree of damage to a 
member. Effectively, each robot could act as a 6-degree-of-freedom actuator capable 
of applying forces and moments to a structure at any location and orientation in 
space. If the robots are sequenced cooperatively, it would be possible to apply 
non-standard loading conditions, which for geometrically complex structures 
would be difficult to evaluate in situ using conventional load testing methods. 


8.4 Examples of Cooperative Robotic Fabrication 
for a Circular Economy 


The following section describes three recent research-based examples of how CRF is 
used for discrete element assembly (Sects. 8.4.1 and 8.4.2), disassembly (Sects. 8.4.2 
and 8.4.3), and reassembly (Sect. 8.4.3) to target objectives related to the narrow, 
slow, close circular economy principles described in the previous section. 
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8.4.1 LightVault 


The LightVault was a 3.6 x 6.5 x 2.2 m doubly curved masonry vault built with two 
stationary robotic arms as a demonstration of CRF applied to an assembly process 
(Parascho et al. 2021). In the first phase of the project, a central arch was constructed 
utilising the alternating cooperative robotic placement and support approach inspired 
by previous research on the assembly of metal space frame structures (Parascho et al. 
2017, 2018). One robot continuously acted as a support to the partially completed 
arch, while the other was used to place additional bricks into the structure (Fig. 8.2). 
Thus, the arch was built from one end to the other without requiring any additional 
temporary supporting structure. The structural performance of the arch during 
construction was assessed using a discrete element modelling approach (Paris 
et al. 2021), and the cooperative sequencing was later theorised to setups with 
more than two robots to further improve the structural performance during assembly 
(Bruun et al. 2021). In the second phase of the project, the rest of the vault was built 


Fig. 8.2 Building the 
central arch as the first phase 
in the scaffold-free 
cooperative robotic 
assembly of a masonry vault 
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layer by layer using the central arch as a backbone structure (Han et al. 2020; 
Parascho et al. 2020). 

Overall, the LightVault demonstrated the potential application of CRF for 
scaffold-free construction of spanning structures made from heavy material. With 
respect to circular economy principles, the use of primary resources was reduced by 
eliminating temporary supporting structures and minimising the material in the 
structure itself by enabling the construction of a structurally efficient but geometri- 
cally complex compression-only form. 


8.4.2 Remote Robotic Assemblies Workshop 


In the Remote Robotic Assemblies workshop held at the 2021 Association for 
Computer Aided Design in Architecture (ACADIA) conference, a timber space 
frame arch structure was constructed using two cooperating robotic arms on linear 
tracks. This project was a demonstration of CRF applied to not just the assembly of 
the structure but extending its use for the first time to disassembly as well. Using a 
method based on rigidity theory, the space frame was designed explicitly to leverage 
cooperative robotic support sequencing to replace temporary supporting structure 
during both the construction and deconstruction phases (Bruun et al. 2022b). The 
structure was first assembled element by element, where one passive robotic agent 
was always required to provide support to the partially assembled structure. Follow- 
ing this, the structure was disassembled cell by cell, taking advantage of the fact that 
it was designed explicitly as an assembly of locally rigid tetrahedral cells. These cells 
were sequentially supported, isolated, and then removed with one robot, while the 
other robot supported the partially disassembled structure (Fig. 8.3). The disassem- 
bly process is an example of a collaborative-CRF (Co-CRF) process as the removal 
of individual elements to disconnect the rigid tetrahedral cells from the remaining 
structure was done in collaboration with a human. 

Overall, the Remote Robotic Assemblies workshop demonstrated that CRF is a 
viable technology to reduce primary resource inputs in the form of scaffolding 
during both the assembly and disassembly of spanning space frame structures. In 
addition, extending the application of CRF to disassembly tasks highlighted the 
potential of including considerations for disassembly at the outset of a design to 
better facilitate the reuse and recycling of building components at the end of a 
structure’s life. 


8.4.3 ZeroWaste 


ZeroWaste was a research project exploring the idea of treating existing buildings as 
stores of valuable reusable material in the context of a circular economy (Bruun et al. 
2022a). Rather than demolishing and disposing of a building at the end of its life, the 
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Fig. 8.3 Isolating locally rigid cells in the scaffold-free cooperative robotic disassembly of a 
spanning timber space frame arch structure 


goal was to leverage the use of a CRF setup to first gather data about an unknown 
existing structure and then use this information together with the robotic setup to 
disassemble and then reassemble the structure into new feasible configurations. 

As the starting point, a pavilion-scale timber structure was built manually to act as 
a stand-in representing a generic unknown existing structure built according to 
standard stick framing construction practices. Next, 3D cameras were mounted on 
two robotic arms, which were then used to take several point cloud captures of the 
structure from various locations and angles. Using the accurate positional informa- 
tion queried from the robotic controller, the individual point cloud captures were 
transformed and then stitched together to create a complete spatial model of the 
existing structure. Creating this complete model was only possible when using 
multiple robots, as a single robot would not have the required reach and 
manoeuvrability to fully capture the structure. For an existing building, the exact 
geometry and spatial location of the structure is not known; thus, the as-built 
geometric information gathered in this imaging process was necessary when later 
planning the RF sequences. 

Next, scaffold-free robotic cooperative disassembly and reassembly sequences 
were calculated algorithmically using a support hierarchy graph representation of the 
structure — this method is described further in Bruun et al. (2022a). These sequences 
were specifically planned for execution with the three robotic arms available in the 
fabrication cell, two on linear tracks and one stationary, without requiring external 
temporary formwork. The physical RF process was split into four distinct phases, 
targeting different objectives with respect to the cooperative robotic sequencing and 
the degree of disassembly and reassembly (Fig. 8.4). 
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Fig. 8.4 Snapshots of the four cooperative robotic fabrication phases for the ZeroWaste project. 
(a) Starting timber structure built according to traditional American stick framing construction 
practices; (b) phase 1: disassembly of a corner using a two-robot CRF process, no reassembly; 
(c) phase 2: disassembly of the front wall using a three-robot CRF process followed by reassembly 
of four members as a new supporting structure for the roof girder at the front of the structure; 
(d) phase 3: disassembly of a side wall using a two-robot CRF process with simultaneous parallel 
1-to-1 reassembly (i.e. each member removed is reused) to create a stiff lattice configuration for the 
same wall; (e) phase 4: disassembly of all remaining walls using a three-robot MRF process with 
simultaneous parallel reassembly into an inclined system vertical member system 


As in the project described in Sect. 8.4.2, ZeroWaste demonstrated the use of a 
CRF setup in providing temporary support to a structure during disassembly but 
further extended its use to perform scaffold-free reassembly and reuse of removed 
material. Improvements in construction efficiency were also demonstrated as the full 


8 Cooperative Robotic Fabrication for a Circular Economy 143 


fabrication process only required a single person working alongside the robots, 
whereas using non-robotic methods would typically require several workers to 
accomplish the same tasks. Overall, the successful use of CRF in the ZeroWaste 
project to assist in structural disassembly and reassembly tasks highlighted the 
potential of this technology to facilitate a more circular treatment of existing timber 
building stock through its reuse. 


8.5 Discussion 


As demonstrated in this chapter, cooperative robotic fabrication (CRF) has the 
potential to enable novel assembly, disassembly, and reuse processes that promote 
several essential principles of a circular economy. Primary resource utilisation can be 
reduced by minimising, or completely removing, the need for temporary scaffolding 
during the (de)construction of geometrically complex spanning structures. In addi- 
tion, general construction efficiency can be improved by shifting certain challenging 
and dangerous tasks related to material handling and transport from human workers 
to the robotic setup. If modularity is considered and originally designed into a 
building, CRF can facilitate selective disassembly and removal of structural com- 
ponents to replace damaged elements and extend the life of a building. In the 
eventual decommissioning of existing buildings, CRF setups can also be used to 
catalogue, disassemble, and then reuse components to divert building materials away 
from waste streams and return them back to productive use. 

Challenges with broadening the adoption of CRF technology in the construction 
industry relate to the complexity of implementing these setups in an on-site unstruc- 
tured environment. While stationary robots, or robots with limited mobility on linear 
tracks, are well suited for off-site prefabrication tasks, CRF with mobile robotic 
setups will be required in the future to broaden the ranges of applications that are 
possible in larger volumes, as would be expected on a job site. Other chapters in this 
book describe technologies that are adjacent and relevant to CRF: scanning technol- 
ogies and scan-to-BIM (Chap. 3), building information modelling (BIM) and digital 
twins (Chap. 1), computational design (Chap. 6), and on-site robotic fabrication 
(Chap. 9). 


8.6 Key Takeaways 


e In a cooperative robotic fabrication setup, the robotic agents are specifically 
coordinated to accomplish tasks that would not be possible if the robots were 
working alone. 

e Multiple robots can be sequenced to place or remove structural components while 
alternating temporarily supporting the structure, performing material handling, or 
data acquisition operations. 
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e Primary resource inputs in the form of scaffolding and temporary support can be 
removed during construction when using a cooperative robotic fabrication setup. 

e Disassembly and reuse of existing buildings is made possible when using a 
cooperative robotic fabrication setup. 
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Fabio Gramazio, and Matthias Kohler 


Abstract In situ robotic construction is a type of construction where mobile robotic 
systems build directly on the building site. To enable on-site navigation, industrial 
robots can be integrated with mobile bases, while mobile, high-payload construction 
machines can be adapted for autonomous operation. With parallel advances in sensor 
processing, these robotic construction processes can become robust and capable of 
handling non-standard, local, as-found materials. 

The potential of using autonomous, mobile robotic systems for the development 
of innovative circular construction processes is presented in three exemplary case 
studies:(i) robotically jammed structures from bulk materials, (ii) robotic earthworks 
with local and upcycled materials, and (iii) robotic additive manufacturing with 
earth-based materials. These processes exemplify key strategies for a circular indus- 
try through the utilisation of materials with low embodied greenhouse gas emissions 
and the implementation of fully reversible construction processes. 

For each case study, we describe the robotic building process, the enabling 
technologies and workflows, and the major sustainability and circularity benefits 
compared to conventional construction methods. Moreover, we discuss the difficulty 
of industry transfer, considering challenges such as detailing, integration, and 
engineering validation. We conclude with an outlook towards future research ave- 
nues and industry adoption strategies. 
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9.1 What Is Robotic Construction? 


Robotic construction is an emerging interdisciplinary field. Robots were first intro- 
duced to the construction sector in the 1970s in Japan, in part due to the lack of 
skilled labour. Early initiatives, such as single-task construction robotics (Bock and 
Linner 2016a) and fully integrated, on-site factories for buildings, failed to be widely 
adopted (Bock and Linner 2016b). However, there was a clear turning point when 
industrial robots were appropriated for architectural application and began to be 
digitally programmed in 2006, enabling the direct connection of computational 
design processes to physical fabrication processes and the development of novel 
material systems (Gramazio et al. 2014). In parallel, there have been advances in the 
automation of existing construction machinery, where common construction 
machines have been adapted for digital control and autonomous operation. 

In this chapter, we consider the specific case of in situ robotic construction. In 
contrast to robotic prefabrication, where parts are prefabricated in a factory off-site, 
in situ robotic construction is a type of construction where robots move directly on 
the construction site and produce or assemble parts directly in their final position 
(Helm et al. 2012, 2014). This type of robotic construction has added benefits for a 
circular built environment because it enables material flows and production chains 
that minimise transportation overhead and material processing steps. However, the 
implementation of in situ robotic construction faces technical, logistical, and legal 
challenges, described below and then presented in more detail in the case studies. 

From a technical perspective, robotic systems suited for on-site operation require 
robust systems for mobility, navigation, and localisation. Due to the unstructured 
nature of construction sites, such systems also require on-board sensing, such as 
LiDAR sensors and global navigation satellite systems. These same sensing tech- 
nologies, when coupled with robust backend computational processes, can be 
leveraged to enable robotic systems to simultaneously handle unstructured and 
natural material systems with a high degree of variability and unpredictability. 

Schematically, two of the most common types of robotic systems suitable for 
on-site construction tasks and deployed in the presented case studies include stan- 
dard industrial robots integrated with mobile bases and mobile construction equip- 
ment, such as hydraulic excavators, modified for autonomous operation. At ETH 
Zurich, the In situ Fabricator (IF) is a prototypical mobile robotic system consisting 
of an ABB IRB 4600 robotic arm with 2.55 m reach and kg payload mounted on an 
automated excavator base that built off precedent iterations (Giftthaler et al. 2017; 
Sandy et al. 2016). This unit was first developed in 2016 and has so far been 
deployed in mobile robotic brick stacking (Dörfler et al. 2016), custom metal 
formwork for non-standard concrete (Dörfler et al. 2019; Hack and Lauer 2014), 
and in the robotic processes discussed in Sect. 9.4.1. In contrast, HEAP is a full-scale 
walking excavator developed by the Robotic Systems Lab at ETH Zurich (Jud et al. 
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2021b), with a vertical reach up to 9 m and a maximum payload of 3 tonnes. HEAP 
has been utilised primarily for automating existing construction processes such as 
autonomous trench digging, autonomous forestry work, semi-autonomous 
teleoperation, and the robotic earthworks and assembly processes presented in 
Sect. 9.4.2. 


9.2 Robotic Construction for the Built Environment 


To date, robots have not been widely used in the building industry for construction. 
This is in part due to low profit margins for various stakeholders, minimal research 
funding, and a lack of vertical and horizontal integration in the construction sector 
(Saidi et al. 2016). Because they operate near human workers, robots on the 
construction site also require necessary changes in safety protocols and legislation. 
Moreover, for on-site conditions, gantry-based systems currently have more wide- 
spread industry use, particularly for additive manufacturing and 3D printing 
(Wu et al. 2016). However, mobile robotic systems have clear benefits over such 
rigid, fixed installations, including higher geometric freedom, lower self-weight and 
volume, and the possibility for operation in unstructured and variable terrain. In 
contrast to gantry systems, mobile robotic systems also require less drastic site 
modifications and therefore can minimise the need for additional foundations that 
contribute to construction waste, greenhouse gas (GHG) emissions, and embodied 
energy. Existing diesel-powered construction machines allow for construction in 
remote, off-grid environments, while recent developments in electrification can 
greatly reduce the embodied energy of these machines where infrastructure allows. 

A variety of material fabrication and building systems have been robotically 
automated for construction (Bock 2007; Melenbrink et al. 2020; Petersen et al. 
2019). Some of the most common material applications with a high level of 
technological readiness are described in the following paragraphs. Predominantly, 
workflows based on prefabrication are more technologically ready than in situ—based 
approaches, while on-site fabrication exists as an alternative. In this case, critical 
equipment for subassembly or part fabrication is transported in a mobile container 
and set up as a small factory on site. 

For concrete and other cementitious material types, common processes include 
layer-based extrusion, robotic slip forming, robotic shot-creting, and robotic 
spraying (Burger et al. 2020; Ercan Jenny et al. 2020; Hack et al. 2021; Hack and 
Kloft 2020; Wangler et al. 2019). Robotic fused-deposition modelling (FDM) 
printing has been used for custom concrete formwork, while robotically tended 
rebar construction (“mesh mould”) has been developed and transferred to industry 
through the start-up Mesh (Mirjan et al. 2022). Robotic wire cutting of foam 
formwork for concrete casting has been developed in academia and then also 
transferred to industry through the Danish company Odico (Feringa 2014; 
Søndergaard 2014; Søndergaard et al. 2016). 
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Robotic fibre composite manufacturing techniques, including coreless filament 
winding and tape laying, are processes that originated in the aerospace industries but 
have been modified for architecture applications (Prado et al. 2014; Vasey et al. 
2015, 2020; Bodea et al. 2021, 2022). These fabrication methods have transferred 
into industry through the start-up Fibr (Dérstelmann n.d.). 

A variety of approaches and building systems have been achieved in timber and 
wood construction, including multi-robotic assembly processes for timber framing 
systems (Willmann et al. 2016; Apolinarska 2018; Thoma et al. 2018; Leung et al. 
2021), long-spanning robotically fabricated plate systems (Li and Knippers 2015; 
Schwinn and Menges 2015), and multi-layer cassette-based systems (Alvarez et al. 
2019; Wagner et al. 2020a). A fully equipped multi-robot mobile factory for on-site 
prefabrication of timber modules has also been developed (Wagner et al. 2020b). 
Companies such as Intelligent City and Design-to-Production leverage robotic 
technologies for customised timber structures and housing (Scheurer et al. 2005; 
intelligent city 2023). 

Robotic masonry construction has been explored extensively in both academic 
and industry contexts for facades and load-bearing walls (Bonswetch et al. 2006; 
Helm et al. 2012; Gramazio and Kohler 2014; Piskorec et al. 2019). Custom 
brickwork has been successfully transferred to the industry by companies such as 
ROB technologies and Keller Ziegeleien (Keller Systeme 2023; ROB Technologies 
2023). Custom robotic systems such as the Hadrian X® mobile robotic block laying 
machine have achieved a high level of technical readiness for the on-site assembly of 
concrete masonry units (CMUs) (FBR 2023). 

Several other efforts focus on automating existing manual tasks, such as dry wall 
installation, curtain wall installation, drilling, and welding, among others (Brosque 
et al. 2020, 2021; Iturralde et al. 2022). 


9.3 Robotic Construction for a Circular Economy 


In situ robotic construction can address the needs of a circular building industry 
primarily by slowing the consumption of resources through the following strategies: 


° Enabling the use of natural and as-found materials with low embodied energy and 
GHG emissions. 

e Minimising extra transportation steps of material, components, or assemblies to 
and from external processing or production sites. 

e Minimising peripheral supporting elements such as formwork or falsework. 

e Minimising material use through structural optimisation and realisation of com- 
plex geometries. 

e Enabling reversible construction processes with minimal material downgrading. 


In situ robotic construction can slow the consumption of resources using locally 
available, natural, and upcycled materials. Natural materials and local materials both 
exhibit high geometric and mechanical variability. Scanning, on-site robotic 
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processing, and assembly can enable the use of completely natural materials with 
lower embodied energy and greenhouse gases. With design systems that adapt to 
these variable geometries of existing material or upcycled material stock, extra 
resource- and energy-intensive processing steps can be avoided. Energy and embod- 
ied GHG emissions due to transportation can also be minimised by utilising mate- 
rials that are available near the construction site. 

In situ robotic construction can also minimise peripheral equipment and extra site 
work. For example, formwork, which is a major component of construction and 
demolition waste (Shen et al. 2004), can be avoided, as demonstrated in the following 
case studies. Scaffolding, falsework, framing systems, and other stabilisation elements 
that enable the lifting of subassemblies or components are also made unnecessary. 
Furthermore, subassemblies do not have to be designed for the unique load cases 
incurred during lifting and transportation, leading to over-dimensioning. As men- 
tioned in the previous section, mobile on-site robots potentially require less custom 
foundation work in contrast to more extensive on-site gantry-based systems. 

Another important criterion is the reversibility of construction processes. On-site 
robotic assembly processes, such as robotic dry-stone masonry, which can achieve 
load-bearing behaviour without mortar or other adhesives, can also be largely 
reversible with minimal material downgrading and are therefore more circular. 
Robotic additive manufacturing with earth-based material mixtures, composed of 
materials like clay, gravel, sand, and silt, but without chemical stabilisers, can also be 
reversible with some additional, but minimal, processing steps. 

The following exemplary case studies demonstrate the potential of in situ robotic 
construction towards enabling a circular building industry. These academic projects 
emerged out of a half-decade of interdisciplinary research at ETH Zurich. These 
projects are situated in their local economic context: sourcing materials from both 
local suppliers and the construction waste stream and engaging with industry 
partners offering material processing and construction services. Moreover, these 
full-scale and sometimes permanent demonstrators required collaboration with geo- 
technical engineers, structural engineers, and general contractors, thus engaging 
questions relating to implementation and long-term industry adoption. 


9.4 Examples of in Situ Circular Robotic Construction 


9.4.1 Robotic Construction of Jammed Architectural 
Structures (JAS) from Bulk Material 


The combination of robotic fabrication and structural health monitoring enables the 
construction of jammed architectural structures (JAS) composed of gravel, a com- 
mon bulk material, and twine. Jamming is a physical phenomenon where loose 
granular materials are compacted into self-stable configurations through externally 
applied pressure, self-weight, and/or confinement. Jammed materials behave 
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fundamentally differently than conventional construction materials as they can 
change back and forth between a jammed, solid state and a loose, malleable state. 
In robotic fabrication of JAS, crushed porphyry is held in place by robotically placed 
twine (Aejmelaeus-Lindstrém et al. 2016). In 2018, a full-scale architectural struc- 
ture, Rock Print Pavilion, was built to demonstrate the potential of JAS (Aejmelaeus- 
Lindström et al. 2017, 2020). It was opened to the public in the historic city centre of 
Winterthur, Switzerland, and then fully deconstructed (Fig. 9.1). 

Similar to dry masonry, JAS requires in situ fabrication and cannot be 
prefabricated, as the structural properties of the material change due to small changes 
of the confinement. Thus, the pavilion was built by the IF introduced in Sect. 9.1. 
The IF’s tracked base enabled it to move on the construction site: an unpaved square 
covered with gravel at a slight (approximately 2-degree) angle and with significant 
surface irregularities. The robotic positioning system is based on a Hilti POS 
150 robotic total station, a reflector prism mounted on the end-effector and custom 
software (Sandy et al. 2016). The robot arm was moved to a series of positions, 
which were automatically registered by the total station and used to calculate the 
transformation from the tool coordinate frame to the world coordinate frame. The IF 
is equipped with a custom, multi-purpose end-effector consisting of a gravel dis- 
pensing tool, a compacting tool, and a reinforcement-laying tool. First, it lays the 
twine in layers of aligned, interlocking circular loops, after which gravel is measured 
and placed inside the string loop and compacted. The compacting of the crushed 
rock and twine displaces the particles concentrically, which in turn tensions the 
reinforcement loops, providing the confinement necessary for jammed vertical 
structures. 

The pavilion is designed as five tapered elements that are wall shaped at the base. 
Towards the top, they branch into 11 columns that carry an 8.7-tonne cantilevering 
steel roof. Each element is designed to fit within the work envelope of the robotic 
arm. The steel roof is temporarily mounted on pillars during the construction to 
protect the construction site from rain. The structure was fabricated from 36 tonnes 
of porphyry gravel and 85 km of string. After being exhibited for 6 weeks, the steel 
roof was dismantled and the string was pulled out, returning the raw material to its 
original state. A structural health monitoring approach was developed where the 
movement of the steel roof was monitored daily to ensure minimal movement, 
required by the supervising engineer. Additionally, deformation inside the structure 
was measured with a fibre optic strain measuring device (LUNA Sensor) to identify 
any internal changes to the structure. No major movement of the roof was recorded 
during the six-week lifespan. Custom detailing between the steel roof and top of the 
columns allowed for height adjustments and load redistribution in the case of 
asymmetric creep of the structure. 

To conclude, JAS is a highly experimental robotic building process but with 
advantageous sustainability and circularity metrics, as it uses simple, widely avail- 
able raw materials, and the resulting structures can be fully reversed without 
downgrading. For the demonstrator, the aggregates were sourced from a quarry 
located within 30 km of its construction site and returned after the life span of the 
pavilion. However, the material system is significantly different from conventional 
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Fig. 9.1 (i) The Rock Print Pavilion is a full-scale robotically jammed structure composed of gravel 
aggregates and twine. The enabling technologies facilitating the on-site adaptive construction 
process include a custom robotic end-effector (ii) for extruding twine, depositing aggregates, and 
compacting layers, a structural health monitoring approach for the movement of the structure and 
the roof over time (iii), and mobility and localisation of the IF enabling the production of a larger 
structure on uneven ground (iv). The structure can be easily deconstructed with no material 
downgrading by removing the twine (v). (© Georg Aerni) 
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and standardised construction material: it is significantly anisotropic and sensitive to 
surface erosion. Future work is required both to understand and monitor the struc- 
tural behaviour and to increase the surface strength. In terms of possible applications, 
JAS might be suitable for infrastructure construction, with particular utility in 
increasing the stiffness and longevity of road substrates. This research area has 
been explored in collaboration with the Swiss Federal Laboratories for Materials 
Science and Technology (Empa 2017). 


9.4.2 Robotic Earthworks with Local and Upcycled Materials 


The application of roboticised heavy hydraulic machines has enabled recent 
advances in on-site excavation and assembly. Methods for robotic landscaping and 
the robotic assembly of dry-stone masonry walls have been integrated towards the 
construction of digitally designed earthworks and soil-retaining structures — exe- 
cuted in the form of a full-scale, publicly accessible Circularity Park that features a 
permanent stone retaining wall, terraced landscapes, and a public circulation trail 
(Fig. 9.2). 

Robotic landscaping is a process for forming natural granular materials like sand, 
soil, and gravel utilising HEAP, the autonomous excavator. The process can realise 
geometrically complex landscape formations with high precision, with an estimated 
average error of 3—5 cm (Jud et al. 2021a). Digital terrain modelling tools based on 
signed distance functions enable the balancing of cut and fill volumes for material- 
neutral, on-site construction, while incremental LiDAR scanning enables digital 
reconstruction of the site and current ground condition (Hurkxkens et al. 2019; Jud 
et al. 2017). 

Large-scale dry-stone masonry structures are constructed by the Mobile Robotic 
Aggregation of Found Objects, a robotic construction method that enables robotic 
construction from highly irregular local boulders and waste concrete. The process 
can realise mortar-free masonry walls as both free-standing and soil-retaining struc- 
tures. One of the significant technical challenges of the process is that the geometry 
of the material stock is not known ahead of construction, and thus the walls cannot 
be designed ahead of time. A scanning routine was developed to locate and digitise 
individual stones utilising HEAPs cabin-mounted LiDAR: accumulating points that 
are meshed using Poisson reconstruction to provide a full 3D model of each stone 
with a resolution suitable for manipulation and construction. A custom geometric 
planner was developed within the scope of the project, and it algorithmically 
determines where stones can be placed within a designer-specified volume, given 
an inventory of available boulders and concrete debris (Johns et al. 2020). A robotic 
grasp-planning workflow uses 3D mapping and collision constraints to reliably grasp 
and reorient irregularly shaped stones, using the excavator’s 2-jaw gripper (Mascaro 
et al. 2021), allowing for solutions from the geometric planner to be placed on the 
wall. The locations of these stones are incrementally updated using the LIDAR 
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Fig. 9.2 (i) The Circularity Park is a full-scale and publicly accessible landscape park built with 
robotic landscaping and autonomous robotic dry-stone masonry, utilising HEAP. The material 
includes locally sourced boulders and waste concrete (ii). The main enabling technologies facili- 
tating the on-site adaptive construction process included (iii) an adaptive planning computational 
design and tool and (iv) a scanning process for digitising the individual stones. Robotic landscaping 
enabled precise landscaping of the surrounding terraces (v). (© Gramazio Kohler Research. Drone 
Videography: Girts Apskalns. Photography: Mark Schneider) 
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scanner, ensuring that shifting and settling is accounted for in subsequent construc- 
tion steps. 

The developed construction method has several sustainability and circularity 
benefits when benchmarked against conventional methods of construction, particu- 
larly when compared to reinforced concrete retaining walls. For the case of retaining 
walls, previous research has suggested the sustainability advantages of masonry 
when benchmarked against concrete in terms of GHG consumption and energy 
footprint (Farcas et al. 2015). Significantly, dry-stone masonry surpasses these 
performances, considering that the construction process takes advantage of locally 
sourced materials, and the structures are produced without mortar, rendering them 
fully reversible with little downgrading. This robotic assembly process also includes 
no secondary processing, such as cutting the stones into shapes that more easily fit 
together. Additionally, the developed method of construction incorporates recycled 
concrete debris and thus could be used to upcycle a portion of the estimated 2.6 
million tonnes of concrete recycled each year from demolished houses (Guerra and 
Kast 2015). In Zurich, for example, this has particular significance, as the approved 
landfill volume for recycled concrete will only be sufficient for the next 10 years 
(Guerra and Kast 2015). The design tool for the landscape design further enhances 
the sustainability of the developed methods, as the designer can balance cut and fill 
volumes, proactively avoiding transporting extra material to or from the site. 

The two robotic construction processes were integrated into a workflow for the 
production of the full-scale demonstrator in collaboration with Eberhard AG, a Swiss 
construction and material processing company that operates the recycling facility 
where the park was built. To expedite construction, a rough cut of the landscape was 
first executed with a large, manually operated excavator within approximately 1 m of 
the target digital landscape. A minimal foundation for the wall was provided by 
compacting the local soil and further reinforcing it with a low-cement stabiliser. The 
robotic construction process was then staged accordingly to maintain the accessibil- 
ity of HEAP to the area of construction. First, the upper terraces were autonomously 
and precisely excavated in accordance with the 3D digital blueprint. The construc- 
tion of the retaining wall was then executed incrementally in stable layers. An 
inventory of approximately 25 stones was scanned and stored on-site and within 
reach of the excavator until it was replenished by truck-based material delivery. The 
wall was constructed from boulders from a local quarry, erratics unearthed during 
construction in nearby Eberhard building sites, and concrete debris from demolished 
structures around Zurich. Robotic landscaping final passes were then alternated with 
placing stones until the structure was complete. Finally, the whole site was scanned 
and additional details, such as stairs, railings, finishing layers, and benches, were put 
in place through conventional manual methods. Some details, such as the stair, had 
to be especially designed on site to fit with the stone wall dimensions. Here, the 
adjacent rocks were scanned, and an old concrete stair from the west side of the site 
was scanned, cut-to-size, reassembled, and fixed with mortar. 

The Circularity Park occupied the private land of Eberhard but was intended to 
ultimately be permanently accessible to the public, so it was critical that safety 
measures were put in place. In addition to the academic research team, the project 
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was supported by external contractors for permitting and a team of geotechnical 
engineers who oversaw and guided construction. Ultimately, because no existing 
building codes can certify robotically constructed walls, the construction elicited a 
high degree of risk. To mitigate risks, the structural engineer over-dimensioned the 
thickness of the wall, specifying an additional layer of backfilling stones that were 
collectively digitised such that the robotic process could also adapt. Additional 
manual-stability testing methods were ordered and executed at the end of construc- 
tion to assess the stability of individual stones. One additional research trajectory 
investigated was to utilise HEAPs force-torque sensing to apply targeted point load 
cases on the wall. Currently, this method can realise similar conclusions as manual 
testing methods by identifying unstable and non-load-bearing stones that slip at low 
threshold forces. Loose stones discovered manually or robotically had to be mechan- 
ically fastened to neighbouring stones. 

As the client, Eberhard assumed all liability for any issues with the function, 
serviceability, and safety of the retaining wall. Long-term industry adoption and 
implementation would necessitate new building codes and codified methods of 
validation and in situ testing. Being able to validate the structural ability to withstand 
typical retaining wall load cases would be a key hurdle to proving the technological 
soundness of the given construction process. Only then would the developed method 
be able to serve as a viable alternative for infrastructure such as concrete gravity 
retaining walls. 

In summary, the developed method of robotic construction updates a vernacular 
building process and enhances it through a digital toolset. The main circular attri- 
butes include the use of locally sourced natural stones and waste material and the 
reversible nature of the construction process. However, detailing and engineering 
validation remain significant challenges for long-term industry adoption. 


9.4.3 Robotic Additive Manufacturing with Earth-Based 
Materials 


Earth-based materials, such as soil, gravel, sand, silt, and clay have great relevance for 
circular and sustainable construction. Yet conventional earth-based construction 
methods such as rammed earth construction have high costs, low levels of 
digitalisation, and high dependency on manual labour. Rapid Clay Formations is an 
additive robotic fabrication process that reinterprets the traditional construction method 
for cob walls, where discrete parts of malleable earth blocks are manually aggregated to 
form a solid mass. The robotic process was developed to produce a full-scale and 
permanent demonstrator, the Clay Rotunda, a cylindrical structure constituting the 
outer soundproof shell of the electroacoustic auditorium SE MusicLab (Fig. 9.3). 

For the robotic process, malleable cylindrical “soft bricks” were pre-produced 
off-site through an extrusion-based process within the standard brick production 
facilities of the industry partner, Brauchli Ziegelei, a local brick manufacturer. In the 
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Fig. 9.3 (i) The Clay Rotunda is a cylindrical structure constituting the outer, soundproof shell of 
the electroacoustic auditorium SE MusicLab. (ii) The soft bricks were produced externally with an 
industry partner. (iii) The robotic pressing process was realised with the IF, which could be 
relocated on a temporary scaffold to realise a two-story structure. (iv) Detail of structure showing 
the bonding and interlocking between adjacent elements. (© Gramazio Kohler Research) 


additive robotic process, the soft bricks were grabbed by the robotic arm with a 
pneumatic end-effector from a picking station, precisely positioned and oriented, and 
sequentially pressed into their final position, thus bonding with the previous layers 
through material cohesion and geometric interlocking. 
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The hardware setup consists of the custom robotic platform — the IF — which 
allows relocation and navigation on a temporary scaffold after every built segment 
and therefore enables the construction of larger structures on site. The overall 
precision of the structure is achieved by monitoring the sequential buildup using 
both LiDAR scanning and point measurements, digitised with a robotic total station. 
Deformations due to shrinkage are partially compensated through a predictive 
computational workflow that estimates the expected deformations of a given 
subassembly of parts. A lean design-to-construction pipeline allows subsequent 
control code to be regenerated based on these tolerances and re-output to the robot 
control setup. 

This first full-scale robotic clay pressing process addresses sustainability and 
circularity through several aspects. The material used for the soft bricks is a mix of 
40% clay, 45% sand, 15% stones, and 16% water. The clay is sourced from a clay pit 
located in eastern Switzerland, right next to the brick production facility, which 
provided the sand for the mix. Stones were provided by Eberhard AG. The material 
thus has low embodied energy compared to concrete or bricks as it is locally sourced, 
minimally processed, and unfired. 

The Clay Rotunda was designed for permanent long-term use. However, these 
structures can hypothetically be completely recycled, and the material can be 
completely reused. Once the structure is demolished, the material can be crushed, 
sieved to extract desired granulometry, rehydrated, and re-processed into soft bricks. 
In other additive manufacturing processes for cementitious materials such as con- 
crete, chemical additives have been shown to be detrimental to both embodied GHG 
and recyclability (Flatt and Wangler 2022). A critical distinction to other earth-based 
additive manufacturing processes is that no chemical stabilisers such as lime or 
cement were used. 

The digital design and additive manufacturing process enables the construction of 
highly efficient, thin, and complex structures without custom formwork, which 
allows the structures to be built with minimal waste produced. Reusable scaffolding 
and tension elements were used in some cases to stabilise the structure during 
construction. Besides the plastic sheets reused to maintain the malleability of the 
soft bricks during storage and transport, the presented project did not produce any 
significant waste. 

The Clay Rotunda measures almost 11 m in diameter and reaches a height of 5 m 
with a (median) width of only 15 cm of earth. Rammed earth walls have a typical 
minimum thickness of 20 cm, so this is a material saving of approximately 25%. The 
single-layer, load-bearing, and free-standing wall is unique in its complex and 
structurally stiffened, undulating, and doubly curved geometry. This structure dem- 
onstrates how the soft-brick robotic pressing process can build highly efficient 
structures at the architectural scale that are fully recyclable. It shows that by 
combining digital design and fabrication methods with traditional earthen building 
methods, new and radically sustainable construction methods can be developed. In 
addition, it shows that highly efficient structures can be built from natural, nearly 
unprocessed, and circular materials systems. 
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Despite its success, several adaptations should be considered for future construc- 
tions of this type. Material shrinkage was a significant issue that resulted in high 
tolerances in addition to cracks that had to be filled in manually. This issue can for 
instance be improved by a further reduction of the water percentage or by introduc- 
ing natural (mineral) additives or fibres to the mix. Further steps could be taken to 
source the material even more locally. In a different setup, excavation material, 
typically unused during construction processes, could be sieved, mixed, extruded, 
and used on site. By processing the material directly, the redundant transportation 
steps to and from processing facilities could also be minimised or excluded to lower 
the embodied energy and GHG emissions. For a viable integration of this additive 
manufacturing process in the building industry, the construction speed and level of 
automation should be dramatically increased; the Clay Rotunda had an average cycle 
time of 25 s per 1.5-kg brick, approximately 0.1 m? per hour, not accounting for 
initial material processing, other manual tasks causing machine downtime, or the 
robotic platform relocalisation time of 1 h. 

Currently in development as a next research step is an alternative additive 
manufacturing process based on high-velocity discrete deposition, or “impact print- 
ing,” which was first explored on a prototypical scale (Ming et al. 2022). The process 
is being developed for implementation on HEAP to realise full-scale earth-based 
structures in situ. The project explores the added values of integrated material 
processing and rheological control, and it has the goal to streamline the integration 
of scan data for automatic adjustment to the as-built conditions. 


9.5 Discussion 


The presented projects demonstrate that in situ robotic processes have reached 
technological maturity and that they can offer significant benefits for a circular 
building industry, but several hurdles must still be solved before these building 
methods are embraced in the construction sector. Regarding engineering validation: 
materials that are as-found or natural are highly heterogeneous and thus pose 
problems to verification or calculation methods that rely on standardised or isotropic 
properties. Moreover, adaptive design workflows based on available materials result 
in structures that cannot fully be pre-designed and pre-calculated. These construction 
techniques require new methods of analysis and design workflows which compen- 
sate for uncertainty and tolerances and consider a high number of unknowns. Here, 
data-driven analysis methods and in situ non-destructive testing suggest high poten- 
tial and relevance for verifying the structural performance of both components and 
structures. Non-standard materials with emergent geometric boundary conditions 
from adaptive robotic processes also pose challenges for detailing and interfacing 
with other standardised building systems. Downstream and subsequent construction 
tasks would need to be adjusted to the resulting geometry only emerging at the end of 
construction. Thus, truly adaptive robotic building methods are not compatible with 
fragmented and compartmentalised production chains where there is a lack of 
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transfer of digital information between multiple actors and stakeholders. All three 
example projects exhibited long-term issues with durability, requiring both moni- 
toring overtime for quality assurance and structural performance, while yearly 
maintenance was also required. Thus, industry adoption is inextricably tied to 
other developments such as structural health monitoring. 

In summary, on-site robotic construction can be deployed towards novel methods 
of circular construction. The key circular strategies employed include the utilisation 
of highly natural and local material; minimisation of site work, peripheral equip- 
ment, and formwork; and robotic assembly for reversibility. These strategies pri- 
marily align with slowing the consumption of resources. In addition to mobile 
robotic platforms, the main enabling technologies include sensor-based methods 
for geometry acquisition of material stock and as-built global conditions, suggesting 
that there could be strong overlaps with other technological developments, including 
scan-to-BIM workflows and material passports. Lean and adaptive computational 
design-to-fabrication workflows are also essential to enable just-in-time adjustments 
and adaptive planning due to material, construction, and on-site variability. 


9.6 Key Takeaways 


e In situ robotic construction is a type of construction where robots move directly 
on the construction site and build structures in their final position. 

¢ The key circular strategies implemented in the presented robotic construction 
methods include (i) utilising locally sourced or natural material; (ii) minimising 
site work, peripheral equipment, and formwork; and (iii) implementing reversible 
processes. 

e LiDAR scanning and other sensor-based methods can be used for geometry 
acquisition of material stock and as-built global conditions. 

e Lean and adaptive design-to-fabrication workflows can also enable just-in-time 
adjustments and adaptive planning due to material, construction, and on-site 
variability. 

e Several barriers prevent robotic methods from being embraced in the building 
sector, including engineering validation, integration, detailing, and safety. 
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Economy Transition in the Built 

Environment 
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Abstract Extended reality (XR) technologies refer to mixed reality and virtual 
reality configurations that augment real or represent fully virtual information in an 
intuitive and immersive manner, transforming the way we plan, design, construct, 
and operate built environment assets. XR offers great potential to support and 
accelerate the transition of built environment practices to a circular economy by 
supporting decisions based on narrow, slow, close, and regenerate strategies. Narrow 
strategies use XR to simulate the building process to identify potential issues, reduce 
material waste, and avoid costly mistakes. Slow strategies use XR to enable con- 
struction with durable materials and designing for adaptability to extend the lifespan 
of buildings. Close strategies use XR to facilitate material recovery and support 
repurposing and reuse, thus reducing waste. Regenerate strategies use XR as a 
motivational tool to engage citizens, communities, and professionals in design and 
management decisions. However, applying XR is not without challenges, including 
technical and process-related limitations, potential misuse, and a lack of rich digital 
twins. Future research opportunities include the development of rich and accurate 
digital twins, ethical and sustainable use of XR technologies, and overcoming 
technical and logistical challenges through interdisciplinary collaboration and user- 
friendly and accessible XR hardware and software. 
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10.1 Introduction 


Extended reality (XR) is an umbrella term for the kinds of technologies that mediate 
user perception of digital information. The overarching aim of XR is to augment 
human perception by giving users compelling, intuitively interactive, and often 
immersive experiences with little to no awareness on the part of the user of the 
interference (LaValle 2016). XR technologies can be conceptualised and classified 
using the virtuality continuum (Milgram and Kishino 1994), a continuous scale 
spanning from entirely virtual to real worlds (see Fig. 10.1), encompassing varying 
extents to which real and virtual objects overlap in a mediated environment. We 
broadly refer to this middle as mixed reality (MR) approaches, although these 
approaches are also referred to as augmented reality (AR) (the virtual augments 
the real), augmented virtuality (the real augments the virtual), and diminished reality 
(removing content from a user’s visual environment). XR thus includes various 
configurations of MR and virtual reality (VR) situated on the virtuality continuum. 


10.1.1 Need for XR 


We are witnessing unprecedented ways of how we generate, visualise, and share 
information through more intuitive, wearable, and ever more powerful devices. 
Within the built environment practices, technologies have long held a promise of 
offering ways to improve the design and delivery of assets at a greater quality and 
improved performance. With an urgent call to respond to the challenges of climate 
change, reduce carbon emissions, and eliminate waste, basing decisions on how to 
design for future uses increasingly depends on understanding the implications of the 
status and planned interventions. A network of sensors and real-time data that users 
generate with their mobile devices begin to give us clues for detecting patterns and 
simulating and predicting future needs and plan design interventions accordingly 
(Whyte and Nikolić 2018). While technologies have already supported these kinds 
of simulations, the trajectory is towards automating these processes by making a 
more direct link to the readily available sources of data. These novel digital capa- 
bilities can transform design and delivery, increase off-site manufacturing, and alter 
design practices where the delivery is not only for the physical but also for digital 
assets or digital twins. 


Mixed 


| reality (MR) | 


e S a 
Real Augmented Augmented Virtual 
environment reality (AR) virtuality (AV) environment 


Fig. 10.1 Reality—virtuality continuum. (Adapted from Milgram and Kishino 1994) 
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When human experiences and behaviours do not lend themselves easily to 
automation, technologies can furthermore be used to engage people in conversations 
to share ideas, knowledge, and experiences that may otherwise remain elusive to the 
designers. In such instances, using visualisation and communication technologies, 
such as VR or AR, can present a design as something tangible and shareable with 
clients and prospective users. We can broadly refer to these types of technologies 
that replicate, present, extend, or augment the real environment and information as 
XR technologies. 


10.1.2 Components of XR System 


XR can be viewed as computer-generated environments that are displayed using an 
array of special hardware to give users compelling, intuitively interactive, and — 
when relevant — immersive experiences. The XR medium is a combination of output 
and input devices and plays a large part in shaping user experience. For example, 
input devices enable users to interact with the virtual world and may also track the 
user’s movement, while output devices display information and respond to the user’s 
input. These include (LaValle 2016; Whyte and Nikolić 2018): 


1. Displays (output): screens for visuals, or auditory, olfactory, or haptic displays for 
other sensory experiences. 

2. Sensors (input): devices that track the user data (especially movement), such as 
cameras, accelerometers, gyroscopes, temperature sensors, etc. 

3. Control devices (input-interaction): devices that take inputs from user interaction 
with the virtual world, such as keyboards, mouse, joysticks, game controllers, 
haptic devices, etc. 

4. Computing devices: devices that generate and continuously align or change the 
virtual world and project the virtual world to the displays, maintaining the 
correspondence between users’ actions in the real world and the virtual world 
using sensors and control devices. 


The choice of XR configuration will largely depend on the context of its appli- 
cation and the nature of the tasks at hand. Discerning the content and perceptual 
characteristics of the system will further inform the appropriate hardware configu- 
ration as the most optimal for achieving the specific outcomes (Nikolić et al. 2019; 
Whyte and Nikolić 2018). 


10.1.3 Working Principle of an XR System 


XR or VR has always conveyed an aim of the “realness” of the virtual experience, 
although the synthetic nature of this “realness” has been the subject of debates. In all 
XR applications, choices are made about the salient features that offer compelling 
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user experiences such as sense of presence or immersion. For example, as users 
navigate and experience the real world through the complex interplay of perceptual 
and sensory inputs where depth perception, movement, smell, or sound all play an 
important part, XR approximates and replicates this experience by replacing these 
sensory inputs with the artificial ones provided by visual, olfactory, sound, and 
motion tracking devices. However, most of the time, multisensory experience of the 
real world is replaced by a predominantly visual XR. The prevalence of a visual 
sense in XR has led to a broad classification of XR configurations based on the extent 
to which the user’s field of view is enveloped in virtual information. 


10.1.4 Types of XR Systems 


Depending on the extent to which the user’s field of view is covered by the digital 
display or the extent to which the user is visually immersed, XR systems can be 
broadly characterised as fully immersive, semi-immersive, or non-immersive con- 
figurations (Whyte and Nikolić 2018). Fully immersive and semi-immersive systems 
provide virtual experiences by enclosing the user’s field of view, either entirely or 
partially. Specialised hardware, such as head-mounted or surround-screen displays, 
stereo views, and position-tracking capabilities, are used to create compelling 
simulations, but this requires a lot of computing power. Systems that are not 
immersive use common hardware, such as standard monitors and 3D glasses. 
They are known as “fishtank” or “window-on-a-world” systems and employ the 
same software as immersive systems, but without covering the user’s field of view. 
These systems may include some immersive features like stereoscopic viewing, but 
they do not provide the same level of experience as fully or semi-immersive systems. 

XR systems can be for single or multiple users. Head-mounted displays are an 
example of a single-user XR, which supports the navigation of virtual spaces using 
tracked controllers and body movements. These systems range from high-end fully 
immersive displays, like HTC Vive, to lower-end hardware, like Google Cardboard. 
Conversely, projection-based VR systems that employ large-screen display config- 
urations allow multiple users to experience an XR environment simultaneously. 
They can also offer fully immersive experiences like enclosed CAVE systems or 
have more open-footprint semi-immersive applications. Recent software develop- 
ments in MR have enabled multi-user experiences in head-mounted displays, where 
users can share the same virtual environment and interact with each other in real 
time. Tracking user movements and gaze enhances these experiences. Choosing the 
level of immersion and user participation will depend on the intended users, goals, 
and tasks for the XR system. Understanding these factors will inform the develop- 
ment of effective XR experiences. 
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10.2 Existing XR Applications in the Built Environment 
Life Cycle 


The use of immersive and augmented visualisation is changing how we interact with 
the built environment, presenting new challenges for professionals in planning, 
architecture, engineering, construction, operations, and deconstruction. Collabora- 
tion across diverse roles, goals, and expertise can be facilitated using XR technol- 
ogies, which enable intuitive and clear visualisation of project information, leading 
to easier consensus on complex projects (Nikolić and Whyte 2021). The following 
subsections describe how XR technologies have been used in different life cycle 
stages of a construction project. 


10.2.1 Design Phase 


XR technologies have been mostly used to support teams in making decisions during 
the design phase. For example, 3D interactive visualisation using XR has been more 
effective in increasing the users’ accuracy, perception, and memory in understanding 
the designs (Calderon-Hernandez et al. 2019; Roupé et al. 2016). From a cognitive 
viewpoint, XR offers more effective visualisation compared to viewing 3D infor- 
mation on 2D monitors, deemed to be cognitively more demanding (Hermund et al. 
2018). This principle has been used in collaborative visualisation for participatory 
design, crowd simulations, and interactive visualisation of simulation data such as 
structural simulation, lighting simulations, and fluid dynamics simulations 
(Safikhani et al. 2022). Studies have revealed that the use of XR is effective in 
design for presenting different design configurations. 

XR provides a realistic, safe, and fully manipulable testing environment through 
interactions with the virtual environment. BIM workflows can be completed with 
real-time interactive visualisation enabling communication and collaboration with 
stakeholders who may not possess BIM skills (Prouzeau et al. 2020). For example, 
lighting design done based on the designer’s previous experience or simulation 
results (Natephra et al. 2017) may not account for the intended users’ experience. 
Instead, XR can leverage user feedback from occupants during the lighting design 
process (Natephra et al. 2017; Wong et al. 2019). Similarly, quantitative metrics, 
such as movement speed and directions, can also be incorporated in VR-based 
human-building interaction studies to improve the design. Biometric sensors such 
as electroencephalograms, galvanic skin responses, and facial- or vision-based 
electromyography can be used as measurements. Further, risk situations and the 
safety of workers can be effectively assessed with VR. Specific aspects that imperil 
virtual labour can be easily identified and adjusted (Casini 2022). How people 
experience these spaces and interact with each other can directly influence people’s 
health and comfort. Data observed during XR interactive simulations can, in turn, be 
collected and analysed (Casini 2022; Wong et al. 2020). 
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During the design phase of construction, VR technology is used more often than 
other XR configurations. VR offers immersive, 1:1 scale representations of the final 
structure, which can be experienced by a single user wearing a head-mounted 
display, or by multiple users viewing the environment on large screens. The level 
of immersion in these VR environments can vary, with some using stereoscopic 
displays for a highly realistic experience and others using monoscopic displays for a 
less intense but still informative experience. Ultimately, the choice of VR technol- 
ogy used during the design phase of construction will depend on the specific 
application and the users’ needs. 


10.2.2 Construction Phase 


XR-supported communication can be used to extend or replace the traditional 
concept of face-to-face communication in projects. For example, in a study by Du 
et al. (2016), a cloud-based multi-user XR communication platform enhanced 
interpersonal interactions and supported users in performing better on assigned 
construction tasks than users in the traditional desktop application. The use of 
collaborative VR configurations offers communication experiences comparable to 
traditional face-to-face communication, particularly in terms of discussion quality 
(level of effectiveness and satisfaction experienced), communication richness 
(detailed responses and compelling messages), and openness (enjoyableness and 
open-mindedness). However, in-person communication still tends to outperform 
remote alternatives with higher accuracy due to a strong reliance on social cues 
and the weak human—human interaction in the current generation of XR (Abbas et al. 
2019). Prior studies have identified that XR could lead to better problem-finding 
performance (Wu et al. 2019), improving communication efficiency among stake- 
holders and motivating them to share a common vision for the project as a joint 
walk-through (Du et al. 2016; Shi et al. 2016). 

In addition to collaborative tasks, XR has been used in construction planning, site 
planning, and execution visualisation. VR, for example, can play a significant role in 
the design of construction workplace scenarios (Yu et al. 2019) and can be used both 
as a learning environment for workers and as a planning tool for construction 
managers. To create a virtual construction site for information sharing between 
disciplines, construction teams can visualise the execution methods on a construc- 
tion site to better understand the procedures (Tran 2019). The 4D simulation 
workflow in VR can provide a supportive environment for constructability analysis 
meetings (Boton 2018). However, a proper workflow is required to update the virtual 
environment according to the current design state (Vincke et al. 2019). 

AR is widely used during the construction phase to visualise the design of a 
building or infrastructure before it is built on the site, allowing stakeholders to 
identify any issues or discrepancies early on and make necessary changes. This 
can help reduce the risk of costly delays or rework during construction. AR can also 
be used to create virtual mock-ups of the construction site, which can be helpful for 
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planning logistics and identifying potential issues (Chalhoub and Ayer 2019). 
Additionally, there are AR applications that provide stepped instructions and guid- 
ance to workers on site, helping to reduce the risk of errors or accidents (Kwiatek 
et al. 2019; Lin et al. 2020). Furthermore, AR can be used to check that construction 
work is being completed to the correct specifications and standards, enabling quality 
control and ensuring that the final product meets the desired standards (Zhou et al. 
2017). 

Single-user and multi-user VR systems are commonly used in the office to 
visualise the design of a building or infrastructure, identify potential issues, and 
create virtual mock-ups of the construction. This allows stakeholders to assess the 
design and plan for any necessary changes before the construction phase begins. In 
contrast, single-user AR is typically used on the construction site, overlaying digital 
information onto the real world and assisting with various tasks. Head-mounted 
displays and window-on-the-world displays can deliver AR content on the construc- 
tion site. While head-mounted displays offer a more immersive experience, window- 
on-the-world displays are often preferred due to cost and safety considerations on the 
construction site. These devices allow workers to see digital information while 
maintaining a clear view of their surroundings. 


10.2.3 Operations and End-of-Life 


The use of XR in the operations and end-of-life stage lags behind its use in design 
and construction stages but offers great potential for facility managers to enhance 
information retrieval and visualisation of maintenance-related issues. In operations 
and maintenance use cases, AR has been explored more than VR to support tasks 
that require an overlay of virtual information over existing assets. For example, 
during maintenance interventions, technicians can use AR to augment their view of 
the physical world with overlaid digital content. AR presents information in a 
context-aware and more comprehensible manner, allowing more effective operations 
and flexibility in workers’ deployment. Manuri et al. (2019) proposed an AR-based 
system to help the user detect and avoid errors during the maintenance process. 
One of the most common applications of XR is certainly that of remote mainte- 
nance. Colleagues and experts can see the direct view captured by the operator’s AR 
device on site and send back augmented support information back to the operator 
along with voice instructions. XR allows facility managers to enhance data visual- 
isation by displaying information right on the field. XR allows the device to estimate 
the location and orientation of the user. Localisation is performed via global navi- 
gation satellite system (GNSS) positioning and/or by comparing the user’s perspec- 
tive to BIM based on deep learning computation (Casini 2022). Wearable devices 
can enable a collaborative workspace between different professionals. On-site and 
remote team members can consult with each other. XR allows the creation of 
collaborative environments where several people, who may even be in different 
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places, can walk around and simultaneously interact with a virtual 3D model (Lee 
and Yoo 2021). 

In addition, AR is being used to preview renovations and retrofit interventions 
(Casini 2022). With AR, the user can use the screen of a smartphone or tablet to 
project a “digital window” that overlays the BIM model of an object. Mobile AR 
applications such as AirMeasure and MeasureKit enable direct measurement of 
objects directly on the screen of the device. AR solutions can also support the 
scheduling and planning of building renovations. AR-enhanced visualisation of 
non-visual data can be a useful cognitive aid for identifying the information needed 
for decision-making (Meža et al. 2014). Chung et al. (2018) presented a study in 
which AR-based smart facility management systems demonstrated faster and easier 
access to information. Alonso-Rosa et al. (2020) presented a monitoring energy 
system based on mobile AR. AR systems can also overlay the results of building 
thermal or fluid dynamics simulations on the virtual model or project those in the real 
environment. 

XR technologies can aid in the efficient disassembly and material recovery 
process during end of life. They are used to support reversible BIM and 
BIM-based selective disassembly planning for buildings (SDPB). Reversible BIM 
is a virtual platform that estimates and visualises the degree of reversibility at a 
component level (Durmisevic et al. 2021). SDPB evaluates BIM disassembly 
models to optimise disassembly sequence plans and program deconstruction works 
(Sanchez et al. 2021). In these approaches, XR can provide step-by-step instructions 
and guidance to workers, reducing the risk of errors and accidents (Kwiatek et al. 
2019; Lin et al. 2020). XR can also be used for disassembly sequencing and 
communication, helping workers identify recovered materials and how they can be 
reused or recycled (Frizziero et al. 2019). Additionally, XR can provide visual cues 
and feedback during the disassembly process, assisting workers in identifying the 
correct tools and techniques for specific building components (Eswaran et al. 2023). 


10.3 Leveraging XR for Circular Strategies 


This section discusses how XR technologies could foster a transition to a circular 
economy, especially when applied in tandem with the circular strategies of regener- 
ate, narrow, slow, and close (see Table 10.1). 


10.3.1 Regenerate 


The regenerate principle focuses on creating sustainable systems that actively restore 
and enhance their environments, and XR technologies can play a crucial role in 
enabling such strategies. By facilitating collaboration among professionals, users, 
and citizens, XR can be utilised for various purposes, including design, participation, 


Table 10.1 Summary of existing XR research categorised by circular strategies 


Design Construct Operate Deconstruct 
Regenerate | Stimulate Ball et al. (2008) 
human and Chandler 
nature and et al. (2022) 
biodiversity 
Use healthy | Kamel Boulos 
and renew- | et al. (2017) 
able 
resources 
Narrow Reduce pri- | Parry and Guy Farghaly Wibranek | Farghaly et al. 
mary input (2021) and et al. (2021) | and (2021) 
Wibranek and Tessmann 
Tessmann (2023) (2023) 
Design for Fukuda et al. 
performance | (2019), Rezvani 
et al. (2023) and 
Banfi et al. 
(2022) 
Improve Natephra et al. Chen and Banfi et al. 
efficiency (2017) Huang (2022) and 
(2013) Scorpio 
et al. 
(2020) 
Slow Design for Dembski et al. 
long life (2019) 
Design for Kunic and 
reversibility Naboni (2022) 
Lifetime Li et al. (2022) Alavi et al. | Carbonari et al. 
extension (2021) and | (2022), Li et al. 
Corneli (2022) and 
et al. Gheisari et al. 
(2019) (2016) 
Smart use of Kunic and 
space Naboni 
(2022) 
Deliver Issa and 
access and Olbina 
performance (2015) 
Reuse Parry and Guy 
(2021) 
Close Recycle Do et al. 
(2020) and 
Mohamad 
et al. 
(2021) 
Urban O’Grady et al. Calderon- Frizziero et al. 
mining (2021) Hernandez. (2019) and 
(2018) and Eswaran et al. 
Lin et al. (2023) 
(2019) 
Track and Munaro 
trace and 
resources Tavares 


(2021) 
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and promoting pro-environmental behaviours. In urban planning and design, head- 
mounted displays such as OculusRift paired with the powerful Esri CityEngine have 
been used to engage citizens and communities in evaluating neighbourhood 
walkability and street noise levels (Kamel Boulos et al. 2017), as well as urban 
resource allocation, disaster planning, and environmental protection (Chen et al. 
2013; Vanegas et al. 2009). In environmental planning applications, for example, 
fully immersive single-user VR configurations may be used to create a stronger 
sense of presence to evoke emotional responses when the goal is for participants to 
act or make behaviour-related decisions (Ball et al. 2008). In the context of land use 
and biodiversity, Chandler et al. (2022) have explored dynamic audio-temporal 
virtual landscapes simulating seasonal changes in VR to offer users a visceral 
experience of these complex dynamics and build stakeholder empathy. In informing 
and aligning often diverse perceptions on environment and landscape values, XR 
and simulation technologies can support a constructive debate about alternative 
options for design and management decisions (Griffon et al. 2011). 


10.3.2 Narrow 


Narrow strategies focus on optimising specific aspects of a system or process, often 
leading to incremental improvements. In the context of sustainable architecture and 
construction, this can involve enhancing resource efficiency, building performance, 
and user engagement, among others (Cetin et al. 2021). XR technologies can 
contribute to these improvements, including supporting decision-making with 
data-intensive simulations, creating high-performing buildings, increasing user 
engagement, and facilitating renovations for better resource use. 

To improve resource efficiency, multiple scenarios can be developed to improve 
resource efficiency using state-of-the-art modelling and machine learning methods. 
However, the results of these simulations and models are data-intensive and multi- 
dimensional, adding complexity for the array of stakeholders in the decision-making 
process. XR technology can represent these data-intensive results more meaning- 
fully to support decision-making (Dembski et al. 2019). For example, complex 
computational fluid dynamics models can be simplified using AR to enable users 
to create high-performing buildings without compromising design requirements 
(Fukuda et al. 2019). 

XR technologies have been used to create high-performing buildings. They have 
been used to convey data on energy performance, thermal comfort, and lighting from 
real environments and the BIM models and present them to users more intuitively to 
improve building performance and user comfort (Banfi et al. 2022). XR technologies 
combined with BIM and game engines can offer interactive visualisation to support 
the design of highly efficient lighting by comparing multiple lighting configurations. 
This can then be combined with user engagement studies to create the best lighting 
scenarios both at a building and a city scale (Scorpio et al. 2020), where users can 
change, move, and rotate fixtures (Natephra et al. 2017). Furthermore, the efficiency 
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of new building construction has also been influenced by XR technologies through 
logistics and construction simulations (Chen and Huang 2013). 

XR also contributes to high-performance designs through increased user engage- 
ment by offering novel ways to perceive BIM information. VR can present the BIM 
model through the lens of human experience and perception, allowing for design 
assessments of issues such as traffic sign sensitivity, road marking, highway land- 
scaping, traffic safety, lane glare, and more (Rezvani et al. 2023). As AR combines 
the real world with virtual information, mobile applications of AR can scan the real 
world and measure and identify the materials of existing stock. This information is 
then connected to design algorithms to promote the integration of pre-used compo- 
nents in a new building, thereby reducing the primary resource needs (Wibranek and 
Tessmann 2023). Finally, combining XR technologies and image processing tech- 
niques creates as-built representations of existing assets, generating material data- 
bases for future buildings (Sato et al. 2016). 

XR technology has also increased existing building reuse through better renova- 
tion. As it can display virtual models of alternative design scenarios superimposed 
over the existing physical facilitation, combining BIM with MR can speed up and 
improve the quality of renovation design processes (Carbonari et al. 2022). Old 
buildings are often renovated with complicated site constraints, multiple interests, 
and limited capital costs. Therefore, the transformation process has always encour- 
aged stakeholders to participate in improving the design’s effectiveness. Tangible 
user interfaces made up of physical models further simplify the operation. However, 
most designs are projected, which does not provide a realistic interactive experience. 
Interactivity and clear visualisation are two advantages of XR technology. Studies 
have established that using the participatory design approach of XR technology with 
tangible models will provide a powerful platform for engaging stakeholders in 
renovating old buildings (Li et al. 2022). In this regard, Gheisari et al. (2016) 
developed a methodology of a semi-augmented-reality tool, using BIM and pano- 
rama, for a building renovation project. They concluded that superimposing the 
building information models using an augmented panoramic environment provides 
construction personnel with a simple way to access their required information in a 
natural, interactive, and location-independent virtual environment. 


10.3.3 Slow 


As with the narrow strategy, XR use encompasses improving assets’ life cycle, 
design for reversibility, adaptability, and reconfigurability to support the slow 
strategy. 

XR technologies can act as an interface for building digital twins and be used in 
facility management to extend the asset’s service life. Maintenance activities are 
improved by providing the location of malfunctioning equipment and appropriate 
and reliable information, and downtime is reduced. Such integration will help the 
facility managers in optimising building maintenance strategies and decision- 
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making (Alavi et al. 2021). The main challenge in intensifying asset use and 
extending their valuable service life is the retrieval of specific data during the 
life cycle of buildings. However, generating and updating information required for 
operating buildings is costly and the inventory requires thousands of person-hours. 
To address these concerns, XR combined with deep learning techniques has been 
used to retrieve the asset data for a real-time check on the status. The proposed 
system aims to achieve some degree of automation in the data collection process, 
particularly compared to current inventory procedures that still require lengthy post- 
processing (Corneli et al. 2019). The applications of AR in facility management 
include intelligent fault diagnosis, visualised operation guidance, situational aware- 
ness, and building performance monitoring (Issa and Olbina 2015). 

Another example is the use of XR for design for reversibility, adaptability, and 
reconfigurability. Kunic and Naboni (2022) developed a methodology for collabo- 
rative design and construction of reconfigurable wood structures in an AR environ- 
ment. They concluded that using AR can drastically increase the efficiency in the 
process of assembly and reassembly of reconfigurable systems. 


10.3.4 Close 


The close strategy in the built environment revolves around efficient resource use, 
recycling, and reusing materials, ultimately minimising waste and promoting sus- 
tainability. The following paragraphs delve into how XR technologies can facilitate 
recycling by training people to identify waste types, track resources throughout a 
built asset’s life cycle, and support urban mining by visualising the bill of quantities 
and material stock. Moreover, XR can aid in disassembly sequencing and commu- 
nication, providing visual cues and feedback to ensure effective recovery and 
implementation of circular economy design. 

For recycling, XR has been effective in training people to identify different 
wastes and dispose of them accordingly. This application uses interaction cues and 
visual and auditory feedback to help the user learn proper recycling behaviour 
(Do et al. 2020). The users are guided by these visual interaction cues as to which 
elements they can interact with, where to go in navigation, and what information is 
available about the content in the proposed AR application called Recycl-AR. The 
visual interaction cues framework comprises four components: task, markedness, 
trigger, and characteristic (Mohamad et al. 2021). In addition, there is work on using 
AR to use construction waste in new projects effectively. This has been tested to 
create a wooden structure using scrap timber beams of different cross sections. 
Furthermore, the same method has been tested to work with different lengths of 
waste material too. Instead of the more traditional method of designing and 
documenting, the designer had a more flexible relationship with the design and the 
digitised inventory of parts. This technique reflects a fundamental shift in the design 
paradigm, where designers work with a blank slate of materials where cost or 
structural competence is the only constraining factor (Parry and Guy 2021). 
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In addition to recycling, XR can help track resources over the life cycle of built 
assets. This helps to create a material database with high provenance. The materials 
passports can be used to obtain a comprehensive set of information and tracking in 
order to reuse and recycle building materials (Munaro and Tavares 2021). However, 
it is difficult to maintain up-to-date material passports. As stated earlier, AR has 
already been used for facility management tasks (Alavi et al. 2021; Chung et al. 
2018). The materials passports can thus be integrated with hybrid reality-based 
facility management systems to improve data maintenance. IT will also be easy to 
retrieve the details of an asset as it is localised and contextualised in an XR 
environment. 

Furthermore, XR technologies can effectively close and support urban mining. 
For example, studies have begun to explore how VR tools can allow building 
designers to see and implement their plans for improving CE design. The XR tools 
can support users to visualise the bill of quantities and material stock embedded 
within the studied building, furthering our knowledge of concepts such as buildings 
as material banks. Furthermore, they allow building designers to see and implement 
their plans for improving CE design (O’Grady et al. 2021). In addition, XR can be 
used for disassembly sequencing and communication (Frizziero et al. 2019). The 
construction sector has already used AR-based construction sequencing for assem- 
bling buildings (Calderon-Hernandez 2018; Lin et al. 2019). Lessons from the 
manufacturing sector show that creating disassembly sequences for construction 
and embedding the (dis)assembly sequence in the materials passports for effective 
recovery hold great potential. XR can provide value as it can provide visual cues and 
feedback during the disassembly (Eswaran et al. 2023). 


10.4 Circular Economy Examples of XR in Construction 
Practice 


The upcoming section presents three examples of how XR is used in the construction 
industry to enable circular transition strategies. 


10.4.1 Collaborative Visualisation of Design 


Collaborative design visualisation in the construction industry is a process that 
brings together different experts, such as architects, engineers, contractors, and 
clients, to work together in the design and construction of buildings and infrastruc- 
ture projects. Collaborative design visualisation in the construction industry is 
achieved using XR semi-immersive technologies enabling real-time collaboration 
among experts. By working together, these experts can identify areas of the design 
that can be optimised for resource efficiency and the use of fewer inputs in products. 
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For example, through collaborative visualisation, they can detect and eliminate 
redundancies, reduce waste, and identify areas where fewer resources could be 
used while maintaining the desired functionality and performance. This contributes 
to the narrow strategy of circular transition by reducing the overall environmental 
impact of the built environment and enabling the sustainable use of resources. 

An example of collaborative design visualisation is 3D MOVE (Mobile Visual- 
isation Environment), developed at the University of Reading. It is a collaborative 
tool for multiple users to interact with and explore full-scale 3D models and built 
environments (see Fig. ). A study of this technology showed that using collab- 
orative VR environments like 3D MOVE can give project teams more ability to 
question, evaluate, and justify design decisions (Nikolić et al. ), resulting in 
improved design performance and efficiency and reducing resources needed to build 
the asset. There are commercial offerings that provide collaborative design visual- 
isation capabilities for the construction industry. For example, Mission Room and 
Fulcro Fullmax are two companies that offer semi-immersive hardware solutions for 
construction projects. They use software solutions such as Revitzo, Unity Reflect, 
BIM 360, and Fuzor for their software workflows. 


Fig. 10.2 Collaborative visualisation in 3D Move. (Nikolić et al. ) 
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10.4.2 Construction Production Control Rooms 


Construction production control rooms are collaborative digital interfaces that offer 
real-time project information and efficient construction management. These 
non-immersive XR-based rooms serve as interfaces to the construction stage digital 
twins. They use fishtank displays, which present information in a two-dimensional 
manner like a regular computer screen. Construction production control rooms play 
an essential role in implementing narrow and close strategies in construction pro- 
jects. They provide real-time project information, including Gantt charts, schedules, 
and resource allocation, leading to efficient use of resources, time, and budget while 
minimising unnecessary delays or rework. By reducing rework, they help to mini- 
mise waste and maximise the value of materials, closing resource loops. They 
optimise resource use by identifying underutilised or overused areas and making 
necessary adjustments. Overall, production control rooms are valuable for promot- 
ing narrow and close strategies in construction projects by enabling real-time data 
tracking, interpretation, and collaboration for efficient construction management. 
The AEC Production Control Room (see Fig. 10.3) is an example of a collaborative 
visualisation platform that aims to make the UK construction industry more efficient 
and proactive by providing a scalable and repeatable platform for construction 
management and reporting (Farghaly et al. 2021). 


10.4.3 Construction AR 


Construction AR enables construction professionals to interact with digital models 
and information overlaid onto the physical environment, which can play a significant 
role in helping the industry achieve circular transition strategies that include narrow, 
slow, and close concepts. In the narrow approach, AR can optimise resource use by 
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Fig. 10.3 Collaborative data visualisation in AEC Production Control Room 
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providing real-time data on resource availability, allocation, and utilisation, improv- 
ing resource efficiency, narrowing resource flows, and reducing waste. In the slow 
approach, AR can help construction teams improve project planning, prevent delays, 
rework, and material waste, and provide progress tracking and documentation 
features that ensure all team members capture project progress at the exact same 
location over time. In the close approach, AR can help with the recovery and reuse of 
materials from construction sites by providing real-time data on the location and 
condition of building materials, which can support the identification and tracking of 
materials for potential reuse or recycling, closing the loop of material use and 
contributing to a circular transition. 

There are several companies offering AR solutions for the construction industry. 
Arvizio provides features such as 3D model and LIDAR scan import, processing, 
optimisation, and hybrid rendering to build digital twins and facilitate use cases such 
as design reviews, spatial data management, marketing demos, and quality assurance 
inspections. Innovative construction technology (ICT) offers ICT Tracker, an AR 
software for contractors to streamline project installation tracking and reporting. 
This app provides comprehensive data in easy-to-read reports and allows contractors 
to compare BIM or 3D models against current installations, preventing margin slip. 
VisualLive offers AR solutions on HoloLens 1 & 2, Android, and iOS, enabling 
AEC professionals to push design models onto their AR devices and bring their 
computer-aided design (CAD) or BIM onto the construction site. Lastly, the XYZ 
Reality Atom is a powerful engineering tool that combines a construction safety 
headset, AR displays, and in-built computing power (see Fig. 10.4). It uses laser- 
based tracking technology to position 3D design models with millimetre accuracy, 
allowing users to view holograms of models positioned within construction 
tolerances. 
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Fig. 10.4 Augmented visualisation and construction site using XYZ Reality Atom 
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10.5 Discussion 


XR technologies have significant, yet untapped potential to support and accelerate 
the transition to a circular economy. XR provides intuitive, immersive, and interac- 
tive experiences of imagined futures that can support more informed decision- 
making and optimise the use of resources. XR can help the construction sector 
transition to a circular economy by enabling more effective and informed design and 
construction processes while reducing waste and extending the lifespan of buildings. 
With narrow strategies, VR and AR can be used to simulate the building process and 
identify potential issues, helping construction companies avoid costly mistakes and 
reduce material waste. Slow strategies, such as building with durable materials and 
designing for adaptability, allow buildings to have a longer lifespan, reducing the 
need for new construction. Close strategies, such as using XR to facilitate decon- 
struction and material recovery at the end of a building’s life, help ensure that 
materials can be repurposed and reused, further reducing waste and supporting a 
circular economy. Finally, for regeneration strategies, XR can be used as a powerful 
participatory and motivational tool to engage citizens, communities, and profes- 
sionals in the design and management decisions of the built environment. 

However, there are several limitations to applying XR that warrant further and 
careful consideration. One major limitation is the slow development of rich digital 
twins of buildings, infrastructure, and other physical assets. Digital twins are crucial 
for the success of XR in the built environment because they provide detailed and 
accurate representations of physical assets, which are essential for creating realistic 
and useful XR experiences. Rich digital twins enable XR technologies to provide 
dynamic and responsive representations of the built environment, which can enable 
more efficient and effective design, construction, and operation of the built environ- 
ment. Without access to rich digital twins, XR technologies may not be able to 
provide the necessary level of detail and accuracy for effective use in the circular 
economy. Another limitation is the potential for misuse or abuse of XR technologies. 
It is essential to ensure that the virtual models of proposed circular systems created 
by XR technologies reduce domain-specific biases but are based on realistic and 
sustainable principles, which reflect the needs and preferences of stakeholders, such 
as workers, consumers, and the environment. Misleading or ineffective designs can 
have negative impacts on the success of the circular economy and may even be 
harmful. Finally, there are technical and logistical challenges associated with 
implementing XR technologies in the circular economy. Small and medium-sized 
enterprises may face barriers to adoption and use due to the need for specialised 
hardware, software, and training, which require significant resources and expertise. 
There may also be challenges in integrating XR technologies with existing systems 
and processes in the circular economy, which need to be addressed to ensure that the 
technologies can be implemented effectively and generate the desired benefits. 
However, with careful planning and investment, these challenges can be overcome, 
and XR technologies can play a key role in accelerating the transition to a circular 
economy. 
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Future research opportunities for XR in the circular economy include the devel- 
opment of rich and accurate digital twins, ensuring ethical and sustainable use of XR 
technologies, and overcoming technical and logistical challenges. To address these 
challenges, interdisciplinary collaboration is necessary, involving experts in archi- 
tecture, engineering, computer science, sustainability, and social sciences. Addition- 
ally, the development of user-friendly and accessible XR hardware and software is 
crucial, with the potential for Metaverse-like technologies to provide inclusive and 
intuitive interfaces for a wider range of stakeholders. However, the development of 
XR software must be guided by the principles of circularity and sustainability and be 
evaluated in terms of their social, economic, and environmental impacts to ensure 
that they contribute to the broader goals of a more circular and resilient built 
environment. It is essential to remain sceptical of the potential for XR technologies 
to address the challenges of the circular economy and to design and evaluate them 
through a participatory and inclusive process that reflects the diversity of perspec- 
tives and experiences of those who will be using the technologies. 


10.6 Key Takeaways 


° Extended reality (XR) can help implement the regenerate principle by fostering 
collaboration, promoting pro-environmental behaviours, and supporting con- 
structive debates on design and management decisions. 

e XR can enable data-driven decision-making in the narrow strategy for a circular 
economy, contributing to high-performing buildings, increased user engagement, 
and better resource utilisation. 

e XR can support the slow strategy for a circular economy by enhancing asset 
life cycle management and promoting design for reversibility, adaptability, and 
reconfigurability. 

e XR can facilitate recycling efforts by improving waste identification, resource 
tracking, and urban mining visualisation, while also aiding in disassembly 
sequencing and communication. 

e The lack of rich digital twins of physical assets, inadequate use of XR technol- 
ogies, and technical and logistical challenges still tend to limit the effective 
implementation of XR in the circular economy and need to be addressed. 
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Part III 
Business and Governance 


Chapter 11 A 
Digital Technology Use Cases aie 
for Deconstruction and Reverse Logistics 


Marc van den Berg 


Abstract The transition towards a circular built environment challenges disman- 
tling firms to revisit their practices. These firms traditionally demolish buildings with 
crushing force, essentially creating poorly recyclable waste. This practice leads to a 
loss of economic value and has several negative social and environmental conse- 
quences. Deconstruction, defined as construction in reverse, represents an alternative 
practice in which as many materials are recovered as possible. Deconstruction is 
particularly challenging because responsible firms need to process more information 
to organise various reverse logistics options efficiently. This chapter, therefore, 
reviews reverse supply chain practices in construction and illustrates how digital 
technologies could support dismantling firms and their partners during essential 
deconstruction activities. Through evidence-based insights and examples from prac- 
tice, the chapter presents a state-of-the-art overview of digital deconstruction tech- 
nology use cases for identifying, harvesting, and distributing reusable building 
elements. It shows that digital technologies have been developed for separate 
deconstruction activities but are rarely used in an integrated manner. Further inte- 
gration through aligning the digital technologies with practitioners’ information 
needs will, accordingly, unlock new opportunities for closed-loop material flows. 


Keywords Circular Economy - Deconstruction - Digital Technologies - Information 
Needs - Reverse Logistics - Reuse 


11.1 Introduction 


The transition towards a circular built environment challenges the construction 
industry to rethink and reorganise building end-of-life practices. The fate of almost 
every obsolete building is conventional demolition, during which dismantling firms 
essentially convert it into waste (Thomsen et al. 2011). Dismantling firms typically 
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use heavy equipment and crushing force to efficiently tear down buildings at the end 
of their service life. These demolition practices generate huge amounts of waste. It is 
estimated that demolition waste, together with waste generated during construction 
and renovation, accounts for approximately 30—40% of all solid waste (Cheshire 
2016; Li et al. 2020). The sheer volume of construction and demolition waste has 
high environmental impacts, particularly associated with its logistics and land 
occupation (Galvez-Martos et al. 2018). Traditional landfilling of the waste can 
also cause space problems in densely populated areas and may lead to contamination 
of nearby water bodies (Cooper and Gutowski 2015). These problems thus call for 
novel end-of-life approaches. 

New approaches require rethinking materials hidden in the built environment as 
attractive alternatives for raw ones. Andersson and Buser (2022, p.488), for instance, 
illustrated how dismantling firms started renaming the materials generated during 
their dismantling practices as “products” or “resources” and how they viewed waste 
only as “a state in a never-ending transformation.” Buildings can, likewise, be seen 
as material banks where materials are only temporarily stored (Debacker and 
Manshoven 2016). A building can, in this view, be used to mine resources for new 
constructions (Koutamanis et al. 2018). Gorgolewski (2018, p.1), likewise, 
envisioned how “new urban vernacular may emerge if we focus on previously 
used materials and components that come from the local area.” This “urban mining” 
is an important circularity strategy for the construction industry as it can offer 
significant economic savings and reuse benefits (Arora et al. 2021). 

The circularity strategy also calls for reorganising end-of-life practices. Conven- 
tional demolition typically marks the end-of-life phase of a building and its parts. Yet 
to enable reuse, dismantling firms must embrace an alternative dismantling method, 
called deconstruction, that is oriented towards retaining the value of building 
materials. Deconstruction has been described as “construction in reverse in which 
the building and its components are dismantled for the purpose of reusing them or 
enhancing recycling” (Kibert 2016, p.480). It is the first stage in reverse logistics, 
which is concerned with the movement of materials from the building dismantling 
point to the point of new construction (Hosseini et al. 2015b). Reverse logistics is 
nonetheless complicated in construction due to particular uncertainties, information 
deficiencies, and uncoordinated material flows (Tennakoon et al. 2022). Digital 
technologies seem particularly promising to that end as these enable data collection, 
integration, and analysis (Cetin et al. 2022). 

This chapter describes how digital technologies could support deconstruction and 
reverse logistics. It first discusses challenges and information needs in reverse 
construction supply chains. The next section then presents an overview of how 
digital technologies can be used to support three essential deconstruction activities, 
namely: identifying, harvesting, and distributing reusable building elements. The 
chapter ends with an in-depth discussion of remaining technology adoption chal- 
lenges and an outlook on future developments. 
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11.2 Reverse Supply Chains in Construction 


Reverse logistics can become an effective sustainable practice with many benefits to 
the construction industry. This potential is not yet fully exploited though. Reverse 
logistics deals with products at the end of their life cycle. A general definition — 
originally formulated for manufacturers, wholesalers, retailers, and service firms — is 
that reverse logistics concerns “the process of planning, implementing, and control- 
ling the efficient, cost effective flow of raw materials, in-process inventory, finished 
goods, and related information from the point of consumption to the point of origin 
for the purpose of recapturing value or proper disposal” (Rogers and Tibben-Lembke 
1999, p. 2). These reverse flows differ in maturity per industry, but are generally 
quite well-developed in the manufacturing industries while often overlooked in 
construction (Hosseini et al. 2014). Instead, researchers and practitioners have 
devoted much of their attention to the classical, forward supply chain approach 
that “does not feel any responsibility for end-of-life’ products (Govindan and 
Soleimani 2017, p.371). Connecting both forward and reverse supply chains into 
closed-loop material flows has, consequently, become at the forefront of much 
strategy- and policymaking (Ghaffar et al. 2020). 

Closed-loop construction industries direct materials from deconstruction sites 
towards new construction sites, either directly or indirectly. A building owner or 
principal contractor usually selects a firm specialised in dismantling once a decision 
is made to deconstruct or renovate. That firm then initiates a range of collection, 
separation, sorting, treatment, reuse, and recycling activities aimed at removing a 
building or parts of it (Brandão et al. 2021). The end-of-life strategy can differ per 
individual building element, such as doors, floors, or installations. Reuse entails that 
an element is transferred to another location where a principal contractor assembles it 
again in a new construction without structurally changing it (Allwood et al. 2011). 
This may be achieved directly, without an intermediate party, but often reuse is 
indirect. It is then temporarily stored at a storage facility that serves as a buffer 
between reverse and forward material flows. Sometimes small repairs are also 
conducted at such storage facilities. Recycling entails the structural reduction of an 
element to its constituent materials. This is typically done by specialised waste 
processors, although some materials can also be recycled on site (like crushing of 
concrete). Suppliers can, subsequently, replace virgin materials with these recycled 
materials to produce new building elements. Reverse logistics practices thus repre- 
sent different ways in which materials are brought back into the loop. 

Possible benefits of reverse logistics practices include economic, social, and 
environmental aspects. Economic benefits could be achieved by cost savings offered 
by reusing salvaged elements instead of virgin materials (Hosseini et al. 2015b). 
While revenue can be made with recovered materials, the practice also saves landfill 
disposal costs (Diyamandoglu and Fortuna 2015). Since deconstruction is generally 
more labour-intensive than demolition, this can furthermore generate many new jobs. 
Other social benefits are the mitigation of noise, dust and compaction (Iacovidou and 
Purnell 2016) and an improved “green” image and reputation of the companies 
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involved (Chileshe et al. 2018). Environmental benefits mainly include a reduction 
in both the use of virgin materials and in the waste generated (Del Rio Merino et al. 
2010). Since this reduces associated emissions and environmental impacts, reverse 
logistics finally represents a major climate mitigation strategy (Arora et al. 2021). 

Yet compared with forward supply chains, reverse supply chains are more 
complex and affected by a wide range of uncertainties (Tennakoon et al. 2022). 
Buildings consist of heterogeneous materials and are typically immobile and not 
designed for deconstruction (Schultmann and Sunke 2007). The quality and size of 
reclaimed building elements varies widely (Iacovidou and Purnell 2016). Specifica- 
tions may also be unclear, which can prompt the need to recertify them. Decon- 
struction thereby appears, on average, financially less attractive than conventional 
demolition, particularly because of the higher associated costs (Dantata et al. 2005; 
Coelho and De Brito 2011). Recovery facilities, infrastructure, and second-hand 
material markets are simultaneously underdeveloped, particularly in comparison 
with the manufacturing industries (Hosseini et al. 2014). Sourcing of reusable 
building elements therefore often requires individual searching and negotiation 
(Allwood 2014). Moreover, updates to rules and standards can limit the reuse 
potential of existing elements. A principal problem with reuse thus concerns 
matching supply with demand, as reclaimed materials may not show up at the 
right time, in the right amount, or with the right dimensions (Gorgolewski 2008). 

The lack of information is a root cause of these challenges (Hosseini et al. 2015a; 
Chileshe et al. 2019; Wu et al. 2022). Uncertainty has been defined as a lack of 
information required to make a project decision (Winch 2015). Reverse supply chain 
operations need to deal with uncertainties related to the building, workflow, and 
environment (Van den Berg et al. 2020a). A typical building-related uncertainty that 
dismantling firms often face concerns the lack of information about the current 
conditions of any elements that potentially can be reused. It may, for example, be 
unclear which manufacturer produced a certain element, under what conditions, and 
according to which quality standards. Yet also any later damage or wear and tear of 
the elements may not have been documented well. Information, or the lack thereof, 
thus plays a crucial role in determining the actual conditions of building elements. 
But information must also be processed during a wide range of other organisational 
activities, such as coordinating site work or maintaining interorganisational relation- 
ships. Reverse material flows must thus be supported with sound information flows 
(Jayasinghe et al. 2019). 

These information flows nonetheless appear to be hampered due to the complex, 
fragmented, cross-functional, and multi-disciplinary nature of reverse supply chains 
(Wijewickrama et al. 2021a). There are many actors involved in reuse and recycling 
processes. Their activities are typically dispersed and disordered. Information could 
strengthen the coordination among these activities, but is often poorly shared 
between different actors (Chileshe et al. 2019). Systemic information-sharing gaps 
were identified at links between the forward and reverse supply chains 
(Wijewickrama et al. 2021b). This was explained because of limited collaboration 
and connections between key actors involved in building operation and end-of-life 
stages. According to Wu et al. (2022), the most important barriers for sharing 
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information are a lack of certainty in market environments, limited trust among 
actors, and a lack of government support. Poorly connected information flows 
consequently hinder the successful implementation of circularity in the built 
environment. 

Digitalisation efforts across the sector are nevertheless opening new possibilities 
to support reverse supply chain practices. Innovative solutions are needed to address 
the various wicked barriers. To that end, information and communication technol- 
ogies (ICT) are increasingly recognised and prioritised as critical circularity enablers 
(Demestichas and Daskalakis 2020). Yu et al. (2022), as such, mapped the readiness 
and effectiveness of ICT-based decision support tools throughout the building life 
cycle. They related end-of-life research with ICT solutions based on building 
information modelling (BIM), geographic information systems (GIS), radio-fre- 
quency identification (RFID), modelling and simulation (MS), and big data analytics 
(BDA). Such solutions are still rarely implemented during deconstruction and 
reverse logistics though. The evidence base of potential digital technology usages 
has thus far remained limited. 


11.3 Digital Deconstruction Technology Use Cases 


This section illustrates circularity-oriented use cases of digital technologies that 
support deconstruction and reverse logistics. These usages are structured along 
activities that dismantling firms and their partners follow: identifying, harvesting, 
and distributing reusable building elements. 


11.3.1 Identify Reusable Building Elements 


One of the first activities in any deconstruction project is identifying reusable 
materials. Wassenberg (2011) listed several reasons for dismantling a building, 
such as physical decay, a surplus of similar buildings, changed needs or expecta- 
tions, quality-of-life problems, or social engineering processes. These different 
reasons suggest that at least some of the building elements may still be reusable. 
When there is a demand for such elements, it can be attractive to recover and resell 
those (Van den Berg et al. 2020b). A dismantling firm will therefore analyse existing 
building conditions to identify any such reusable building elements. Building 
owners may also stimulate this by mandating that the selected dismantling firm 
ensures the reuse and/or recycling of a certain number of elements. 

Dismantling firms need information to make sense of existing building condi- 
tions. Basic project information about the building type, floor area, and primary 
materials used provides input for quick waste estimations based on waste rates per 
unit, like kg/m? or m?/m? (Mah et al. 2016). Waste audits, site visits, dismantling 
contracts, and as-built or construction drawings fulfil most of these information 
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needs (Tennakoon et al. 2022). However, more accurate building information is 
warranted to determine the reuse potentials of distinct elements — and that is most 
often incomplete, obsolete, or fragmented for many existing buildings (Volk et al. 
2014). Dismantling firms will want to know about the material composition and the 
aesthetic and structural performance of distinct elements. Information about the 
number, type, and accessibility of the way those elements are connected to other 
elements is needed to assess whether any such elements can be reclaimed without 
damaging them or not. Furthermore, relevant market information from waste pro- 
cessors and material suppliers is needed to become aware which elements are 
demanded in secondary markets. 

Several types of building capture and auditing technologies have emerged in 
response to as-is information needs. Such technologies aim to provide accurate 
insights into the geometric dimensions and other material properties of existing 
building elements (Han et al. 2021). BIM-based representations can, for example, 
be used to review how constructions were built (Van den Berg et al. 2020a). 
Inventory methods that combine photography with digital forms to record relevant 
characteristics of building elements and to assess their reuse potentials are also used 
more and more often by dismantling firms (see Wahlström et al. 2019) — or by 
partnering firms to which such activities may be outsourced (like Rotor or 
Sloopcheck). Honic et al. (2021, p. 1) demonstrate that material passports also 
provide “an outstanding advantage” to that end. Material passports essentially give 
elements an identity by digitally describing their characteristics, location, history, 
and ownership status (Luscuere 2017; Cetin et al. 2021). Such passports could 
inform dismantling firms about reuse potentials and enable them to extract exact 
quantities, but they are mainly being developed for new buildings rather than 
existing ones (Chap. 5 on Material Passports by Honic et al.). 

More automated digital modelling methods have also emerged, though these still 
demand significant effort and cause high costs (Rašković et al. 2020). Laser scanners 
can capture dense 3D measurements of any building’s as-is conditions, and the 
resulting point cloud can be processed to create a BIM that reflects the current 
situation (Tang et al. 2010). Using geometry as a foundation, modellers then attempt 
to augment the building representation with object metadata (semantics) related to 
any facet of the built environment. Since this can be a time-consuming and error- 
prone process, much research has been devoted to automating parts of it (Fathi et al. 
2015; Che et al. 2019). As such, object recognition algorithms have been developed 
for walls (see Ochmann et al. 2016) and some other common building elements. 
Such algorithms are still infrequently combined into scalable and contextualised 
methods (Czerniawski and Leite 2020). Further advances in scan-to-BIM techniques 
that rely on low-cost, accessible hardware can nevertheless promise “a logistical 
base for complex reuse analyses” (Gordon et al. 2023, p.14). 

Digital technologies are also used to support waste management decision- 
making. Having acquired insight into the as-is conditions of a to-be-deconstructed 
building, dismantling firms need to estimate how much waste will be generated. 
Lifetime analyses, which are based on a mass balance principle, assume that waste 
can be quantified based on the initial mass of constructed buildings and reasonable 
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projections of material life cycles (Wu et al. 2014). Alternatively, more recent 
approaches attempt to quantify waste and its associated impacts based on BIM 
(Cheng and Ma 2013; Ge et al. 2017). For example, Kang et al. (2022) developed 
a conceptual framework that integrated BIM with advanced technologies, such as 
Internet of Things (IoT), to assist in planning alternative reuse and recycling 
scenarios; Su et al. (2021) combined BIM, GIS, and life cycle assessment (LCA) 
to develop a waste estimation and evaluation system. Works like these attempt to 
promote more informed waste management decisions and help to identify which 
building elements could be reused through closed material loops. 


11.3.2 Harvest Reusable Building Elements 


The next deconstruction activity concerns harvesting those building elements that 
were identified as reusable. The Dutch architectural firm Superuse Studios coined the 
term “harvesting” in reference to the practice of reclaiming valuable elements from 
the existing built environment — with the aim to reuse those in new buildings (Jongert 
et al. 2011). Dismantling firms typically do not reuse building elements themselves: 
they enable reuse through this harvesting. The intention to reuse implies that damage 
to selected elements must be minimised. Harvesting (or reclaiming) those elements 
hence usually requires non-destructive techniques and more skilled labour over a 
longer duration (Coelho and De Brito 2013). This implicates that the site work must 
be reorganised accordingly. 

Information needs for harvesting building elements originate mainly from the 
workflow on site. The sequence and time allocated for deconstruction tasks are 
essential variables that dismantling firms need to control (Chileshe et al. 2019). Site 
work starts with disconnecting services and removing any present hazardous mate- 
rials, like asbestos. Reusable elements can then be disassembled and (temporarily) 
stored somewhere on- or off-site. Dismantling firms process planning information 
(e.g., Gantt charts or timetables) and other project management documentation to 
coordinate these interdependent tasks (Van den Berg et al. 2020a). To ensure com- 
pliance with regulatory frameworks, the firms thereby need information regarding 
government planning requirements, health and safety guidelines, and waste handling 
procedures (Tennakoon et al. 2022). Information is furthermore needed to sort and 
prepare transportation of any harvested building elements to the next destination. 

Digital technologies can support coordinating deconstruction workflows. BIM is 
particularly suited to facilitate the planning and organisation of site work. It can, at 
the outset, provide input for handling instructions and procedures to minimise 
possible damage during disassembly. Information may be retrieved regarding, for 
instance, the thickness of the cover concrete of an embedded steel connection to be 
removed (Akbarnezhad et al. 2014). BIM could also be used to analyse and visualise 
deconstruction sequencing. It is crucial to understand interdependencies and phys- 
ical relationships between different elements. To that end, Marzouk and Elmaraghy 
(2021) used a BIM plugin to illustrate how mechanical, electrical, and plumbing 
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(MEP) elements intersect with walls (embedded, ending, or passing). Such insights 
can be used to determine in which order the elements need to be disassembled. Other 
existing BIM functionalities related to spatiotemporal site analyses could support 
managing where and when specific tasks, such as crane operations (Tak et al. 2021) 
or storage of deconstructed elements, need to be done. Evidence of dismantling firms 
using BIM for purposes like the above is nevertheless still scarce though. 

Robotic technologies are likewise only occasionally used on deconstruction sites. 
These technologies are being developed with the intention to perform deconstruction 
more efficiently and precisely (Bademosi and Issa 2022). For example, Lee et al. 
(2015) presented a prototyping process for automated and robotised disassembly of 
high-rise buildings. As another example, Chen et al. (2022) described a compact 
robot prototype for automatic waste recycling. Robotic technologies like these are 
much more common in industrialised construction settings though. In end-of-life 
contexts, they may prove particularly suitable for repetitive deconstruction tasks. 
However, a general downside from a sustainability perspective is that they require 
the additional consumption of a significant amount of energy for operating tasks. 

Other digital technologies prepare for future use. Dismantling firms will need to 
generate or update reusability information about the selected elements, for example, 
through a material passports platform. That information can then be made available 
to other actors in the reverse supply chain (see Wijewickrama et al. 2021b). 
Information systems may furthermore be needed to label harvested building ele- 
ments so that those can then be tracked to new construction sites or intermediate 
storage facilities. The technologies can, accordingly, lead to more informative 
harvesting practices. 


11.3.3 Distribute Reusable Building Elements 


Deconstruction ends with activity regarding distributing the harvested building 
elements. Dismantling firms organise the diverging movements of materials away 
from a site. They can do this on their own or together with a transportation partner. 
Destinations for the different building elements typically differ. Depending on the 
planned end-of-life strategies, elements are transported to a new construction site 
(for direct reuse), an intermediate warehouse/hub (for indirect reuse), a reprocessing 
facility (for recycling), or a landfill site (for disposal/incineration). Dismantling 
projects, accordingly, lead to a large number of transport movements and associated 
environmental impacts, which is a primary reason that construction and demolition 
waste is a priority for most environmental programmes around the world (Galvez- 
Martos et al. 2018). 

Distribution activities depend on information to facilitate matchmaking between 
the supply and demand for reusable building elements (Van den Berg et al. 2020a). 
When a dismantling firm is contracted, that firm usually obtains ownership of the 
focal building and will attempt to resale reusable elements to contractors or other 
potential buyers. This triggers information needs. Dismantling firms need 
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information about the current market conditions, such as prevailing prices and price 
volatility (Wijewickrama et al. 2021a). Buyers also need information about reusable 
elements, such as where and when certain elements are (or will become) available. 
Information is furthermore used to organise logistics or, in other words, to make sure 
that harvested elements arrive at the right destination at the right time (Chap. 2 by 
Tsui et al. on GIS). For organising closed-loop material flows, it is thus essential that 
material flows are accompanied with supportive information flows (Jayasinghe et al. 
2019). 

Various e-commerce initiatives have emerged that aim to connect supply and 
demand for harvested building elements. Online marketplaces for local or global 
trade in salvaged construction materials are growing rapidly (Caldera et al. 2020). 
Most dismantling firms in the Netherlands, for example, maintain their own online 
stores on which they showcase reclaimed building elements for sale. Common 
elements that can be found on such online stores include doors, timber beams, 
windows, insulation materials, furniture, and heating systems. Elements are typically 
accompanied with a picture and some information about relevant characteristics 
(e.g., type and dimensions), including indications of any wear or damage. Some of 
that information could also be retrieved from an accurate BIM. As such, Jayasinghe 
and Waldmann (2020) demonstrated a web-based tool that links elements to their 
digital counterparts in BIM. An additional benefit from linking an online store to 
BIM would be that the deconstruction sequencing could be automatically updated 
based on the demand for elements (Marzouk and Elmaraghy 2021). 

Other e-commerce initiatives attempt to move beyond the project level to benefit 
from the advantages of scale. A particular type of online marketplace was pioneered 
by Jongert et al. (2011, p.56). They created (and later sold) a “harvest map,” which 
highlights the geographic locations of reclaimed elements by plotting those on a 
map. This map supports resource-based design practices. It aims to serve as a 
regional material catalogue that a design firm can use to locate the available supply 
of materials in the vicinity of a new building project. Another example is the 
initiative “Insert,” which was founded by several collaborating dismantling firms 
in the Netherlands. Their online platform bundles elements that were harvested by its 
partnering firms. The initiative also offers hubs where elements can be stored for 
indirect reuse and small repairs are conducted. 

Digital technologies can furthermore support distribution with tracking methods. 
Several technologies were identified for tracking elements from an obsolete building 
to a new one. Van den Berg et al. (2021) experimented with a BIM-based method 
where site personnel simply wrote down numbers on pieces of tape attached to 
reusable facade elements. More advanced methods also make use of technologies to 
identify and index information of physical elements, such as RFID. This is a 
technology that uses tags and readers to make wireless communication possible 
(Yu et al. 2022). The technology has been coupled with BIM in efforts to develop 
various digital tracking systems, such as for steel components specifically (Ness 
et al. 2015). Xing et al. (2020) integrated RFID with a cloud-based BIM platform to 
allow bidirectional data exchange between physical building elements and their 
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virtual counterparts. The general idea of such systems is that they allow the exact 
status (e.g., ownership or location) of individual elements to be checked and updated 
over time. Blockchain technologies, which save and link data records using cryp- 
tography, thereby appear promising as they offer transparency in tracing back status 
changes over time (Shojaei et al. 2021) (Chap. 12 by Shojaei and Naderi on 
blockchain technology). Actual implementations of tracking systems in reverse 
logistics still remain fairly limited though. 


11.4 Discussion 


This chapter presented a state-of-the-art overview of digital technology use cases for 
supporting deconstruction and reverse logistics. To realise circularity targets in the 
built environment, it is essential to rethink demolition waste as resources and to 
reorganise traditional end-of-life practices. Digitalisation advancements provide 
dismantling firms and their partners new possibilities to that end. With evidence- 
based insights and examples from practice, the present chapter illustrated how digital 
technologies can be used in identifying, harvesting, and distributing reusable build- 
ing elements. The implications are profound, but several challenges and future 
perspectives remain. 

The illustrated digital deconstruction technology use cases imply that reverse 
logistics could benefit from more informed practices. Deconstruction is an exciting 
life cycle stage: it can be seen as a restart rather than an end in closed-loop material 
flows. The practice thereby reduces the demand for raw materials. Circularity 
measures can be taken during design, construction, or operation stages, but these 
are often intended to pay off only during deconstruction. Exemplary measures listed 
by Benachio et al. (2020, p. 7) include “design for disassembly of building struc- 
tures” (during design), “off-site construction” (during construction), and “minimise 
recuperative maintenance with preventive maintenance” (during operation). Mea- 
sures like these merely promote reuse; actual reuse prerequires that end-of-life 
activities are organised accordingly. Those practices appear to be information 
intensive. That is, dismantling firms need information to organise reverse logistics 
and to realise reuse. Digital technologies have emerged with the potential to inform 
those practices. 

Various technologies are so becoming available to dismantling firms and their 
partners. BIM technologies seem most prevalent: evidence of (pioneering) uses was 
found for identifying, harvesting, and distributing reusable elements. This may 
nevertheless be surprising given that dismantling firms are not acknowledged as 
potential BIM users in established handbooks (Eastman et al. 2011) and taxonomies 
(Kreider and Messner 2013). BIM models are also not available for most existing 
buildings (Volk et al. 2014), although that is likely to change as the methodology 
becomes increasingly widespread in the industry. Advances in scanning and auto- 
mated digital modelling methods can thereby speed up the process of recreating 
accurate as-is models for existing buildings. More possibilities are also likely to 
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emerge through ongoing efforts to develop low-cost scan-to-BIM solutions (Gordon 
et al. 2023) and to establish real-time connections between BIM and IoT applications 
into digital twins (see Deng et al. 2021). These BIM developments seem well aligned 
with circularity trends to replace demolition with a deconstruction alternative. 

Other digital technologies can support specific tasks in deconstruction. Robotic 
solutions are most suitable to replace heavy and repetitive manual labour. Material 
passports seem particularly useful in understanding both present conditions and past 
history of potentially reusable building elements (Debacker and Manshoven 2016; 
Honic et al. 2021). These passports can inform dismantling firms during activity to 
identify reusable elements. They could also be linked to GIS systems and blockchain 
technologies, which would enable tracing building elements across space and over 
time (Xing et al. 2020). A particular challenge for developing any such tracing 
systems concerns the relatively long lifespan of building elements, which implies 
that robustness and future-proofness need to be taken into account. Simpler labelling 
solutions, such as those described by Van den Berg et al. (2021), can therefore be a 
pragmatic choice for distribution activities in the near future. Online stores and other 
e-commerce initiatives are essential to inform designers and general contractors 
about the (direct) supply of harvested materials, although their misalignment with 
demand remains a challenge (Cetin et al. 2022). Indirect reuse, where building 
elements are brought to and from a storage point, could improve supply predictabil- 
ity and create advantages of scale. 

Several challenges persist that limit the uptake of digital technologies in circular 
end-of-life contexts though. Information is poorly shared between actors due to 
the fragmented, unorganised, cross-functional, and multi-disciplinary nature of 
reverse supply chains (Wijewickrama et al. 2021a). The industry is furthermore 
characterised by limited trust and governmental support (Wu et al. 2022). Disman- 
tling firms typically face significant building uncertainty. Moreover, it is often still 
too costly or time-consuming to recreate (BIM) models that accurately represent 
as-is conditions (Czerniawski and Leite 2020). Actors may also lack the knowledge 
or skills to adopt certain technologies, like BIM. Other technologies, such as material 
passports, are only started to get standardised in the industry (see Platform CB’23 
2022) and require changes in the way certain work activities are organised. Chal- 
lenges in adopting digital technologies are closely related to general barriers in 
adopting digital technology and specific barriers that emerge from organising circu- 
lar material flows (Jayasinghe et al. 2019; Cetin et al. 2022). 


11.5 Outlook 


Digital technologies can support dismantling firms and their partners with decon- 
struction and reverse logistics practices. Potential use cases for various technologies 
have been pioneered during information-intensive tasks in identifying, harvesting, 
and distributing reusable elements. Material passports and building capture and 
auditing technologies, most of which use an existing or recreated BIM model, can 
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be used to identify reusable building elements. The planning and organisation of site 
work focuses on harvesting such elements, which can be supported with BIM, 
robotic technologies, and labelling methods. Distribution activities can make use 
of various types of e-commerce initiatives, BIM, and tracking technologies. Most of 
these technologies are not yet widely adopted in circular end-of-life contexts due to 
persistent industry and reverse supply chain challenges. Implementation of any 
digital technology hence requires adaptation of the technology to local project 
routines and vice versa. More research and development efforts are necessary to 
meet both practitioners’ information needs and the potentials of illustrated digital 
technologies for promoting circular closed-loop material flows. 


11.6 Key Takeaways 


e Reverse logistics intends to close material loops, starting from the point of 
deconstruction. 

e Deconstruction challenges dismantling firms to process more information for 
organising reverse logistics. 

e Dismantling firms can use digital technologies in identifying, harvesting, and 
distributing reusable building elements. 

e Reverse material flows remain poorly supported with information flows, as digital 
technologies tend to focus on separate activities only. 

e Aligning digital technology use cases with practitioners’ information needs could 
unlock new circularity opportunities. 
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Chapter 12 
Blockchain Technology for a Circular Built sss 
Environment 


Alireza Shojaei and Hossein Naderi 


Abstract The built environment fundamentally suffers from organisational frag- 
mentation in various aspects, such as data flow, finance, and supply chains. 
Blockchain technology can be considered a transformative solution to the inherent 
fragmentation of this industry. This chapter first defines the basics of blockchain 
technology to show how a peer-to-peer network could enable a decentralised, 
traceable, and immutable information system across the life cycles of built assets. 
Then, an overview of blockchain literature within the context of a circular economy, 
with real-life examples and the current state of blockchain adoption in the circular 
built environment, is presented, and the role that this technology plays in addressing 
certain circular strategies is discussed. Afterward, implementation challenges and 
incentives are identified to set realistic expectations regarding the capabilities of 
blockchain technologies. Emerging concepts within blockchain technologies are 
then presented to give insights into prospects beyond current literature and use 
cases in the circular built environment. Finally, the future of blockchain technology 
in a circular built environment is discussed to present the applicability of blockchain 
and its possible integration with other emerging digitalisation tools, such as building 
information modelling (BIM) and material passports, in wider domains of circular, 
smart cities and communities. 


Keywords Distributed ledger - Blockchain technology - Decentralised 
technologies - Circular economy - Built environment 


12.1 What Is Blockchain Technology? 


Blockchain technology is an advanced database that is dispersed across many 
computers (each called a node) and eliminates the need for a central authority or 
intermediaries. Since all nodes are equally privileged on the network, it creates a 
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peer-to-peer network that creates trust among all peers because each transaction is 
securely signed by cryptography algorithms that ensure consistency, immutability, 
and traceability (Ledger 2022). To add information to this database, a validation 
process, called consensus, is performed to cryptographically link each block of 
information to the previous one. As new blocks are added, older blocks become 
more difficult to modify. New blocks are replicated across copies of the ledger within 
the network, and any conflicts are resolved automatically using established rules of 
the network (Yaga et al. 2019). 

In the following sections, two terms are frequently used: blockchain technology 
and blockchain network. The first term refers to a general concept of blockchain and 
its associated features, while the second is related to a decentralised network that is 
built using blockchain technology (see Fig. 12.1). 

The structure behind blockchain technology provides it with some fundamental 
features that can revolutionise open issues across a variety of fields, including the 
built environment (Li et al. 2019). The first notable feature is immutability, which 
means that data cannot be changed once added to the blockchain network. Each 
block contains a cryptographic hash of the previous block, a timestamp, and 
transaction information. As a result, data stored in a block cannot be altered since 
all subsequent blocks would need to be changed as well (Atlam et al. 2018). Another 
feature is the consensus mechanism, which brings reliability to the blockchain 
network. A consensus algorithm (for example, Proof of Work in Bitcoin’s case) 
ensures that all transaction data are identical between blocks. In simple words, the 
Proof of Work can be explained as the mechanism that requires nodes in the 
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Fig. 12.1 Process of adding a block to the blockchain. (Adapted from Euromoney 2023) 
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blockchain network to solve a complex mathematical problem in exchange for 
cryptocurrency incentives (Euromoney 2023). Data traceability and integrity can 
also be considered other features of blockchain technology. By accessing any node 
in the blockchain’s distributed network, users can easily trace previous transactions 
that have been validated and recorded on the blockchain (Perera et al. 2020). 
Moreover, all blocks link to the genesis block (the first block on the chain), ensuring 
the integrity of the blockchain (Nofer et al. 2017). 

Nevertheless, while the general characteristics are the same, these features differ 
among different types of blockchain technologies, and it is important to note that 
each blockchain network has its own characteristics. Blockchain technology can 
generally be divided into two types, public and private, each with its own charac- 
teristics (Tasca and Tessone 2019). Bitcoin and Ethereum are two of the most well- 
known public blockchains. The public blockchain, also called permissionless 
blockchain, is accessible to everyone. Given this wide accessibility, more peers 
can participate and validate the network transactions, resulting in a more immutable, 
transparent, and traceable network with almost no downtime (Tapscott and Tapscott 
2016). However, permissionless blockchain technologies have disadvantages: the 
fact that they are fully transparent and accessible makes them inappropriate in 
situations where nodes need to keep the transaction information protected from 
other users. As a constantly evolving technology, blockchains are gaining new 
capabilities. Ethereum introduced smart contracts, which allowed peers to execute 
codes and enforce terms of contracts on blockchain networks without reliance on a 
trusted third party (Han et al. 2020). 

Unlike a public blockchain, a private blockchain has only a few participants (who 
are authorised by the owner of the network), and changes are made when the 
majority of nodes (or all of them unanimously, depending on the network structure) 
reach a consensus (Perera et al. 2020). Hyperledger Fabric platform, which is 
developed by Linux Foundation, is one real-life example of a private or 
permissioned blockchain platform. A private blockchain gives users control over 
the level of data transparency, which makes it an effective option in situations where 
users are reluctant to share data with other participants (Boucher 2017). Moreover, 
the limited number of participants not only makes this type of blockchain faster but 
also provides a more manageable ecosystem (Haritonova 2021). However, consid- 
ering the limited number of nodes in this type of blockchain, they cannot provide a 
fully decentralised system compared to public blockchains. Additionally, few nodes 
can bring an additional risk of database downtime, which can result in disruption in 
the network operation. 


12.2 Blockchain Technology in the Built Environment 


The architecture, engineering, and construction (AEC) industry is frequently referred 
to as a fragmented industry that suffers from a lack of transparency (Bakis et al. 
2007; Jiao et al. 2013). Projects within the built environment usually involve 
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organisations from a number of disciplines, which can create conflicts due to a lack 
of control over data. Moreover, these projects have a long lifespan, which poses 
additional risks to the cybersecurity of data and data accessibility. In such projects, 
blockchain technology and its inherent features are frequently employed as possible 
solutions (Lee et al. 2021; Wu et al. 2022). One recent study reported a 192% annual 
increase in the average number of blockchain-based academic publications from 
their first appearance in 2017 to 2020 (Scott et al. 2021). However, most of these 
publications only propose a conceptual framework or review of blockchain technol- 
ogies; practical implementation of blockchain technology within the built environ- 
ment has remained less explored. The following sections offer an overview of 
blockchain technology applications in the AEC industry as they relate to the circular 
economy. 


12.2.1 Supply Chain Management 


Increasing transparency and reliability of the information in the supply chain is 
critical in achieving a circular economy in the built environment. Blockchain 
technology can potentially address this gap and thus facilitate a circular economy. 
For example, Wang et al. (2019) conducted an interview with 14 supply chain 
practitioners who validated the advantages of blockchain technology in the supply 
chain field. 

It is virtually impossible to have smooth construction supply chain management 
in complex and hard-to-reach construction sites without real-time and reliable 
information among all parties. To address this issue, many researchers have focused 
on blockchain technology. For example, Wang et al. (2020) proposed a blockchain- 
based information management framework based on a model for real-time informa- 
tion sharing in a supply chain for precast components. Their results showed that the 
proposed model positively impacted the tracking of precast components and helped 
find the root causes of disputes about the precast supply chain. 

Tracking materials or assets also plays an important role in the transition to a 
circular economy. In this situation, blockchain technology can be used to improve 
the traceability of materials in projects. For example, blockchain technology and 
radio-frequency identification (RFID) have been applied to track ready-mixed con- 
crete in construction sites (Lanko et al. 2018). 


12.2.2 BIM and Digital Twins 


Since building information modelling (BIM) is the primary source of construction 
data and blockchain facilitates the handling of data, many researchers are focusing 
on the integration of these two technologies. Ye et al. (2018) identified the Internet of 
Things (IoT) and blockchain as two potential technologies for integration with BIM 
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in terms of bringing a single source of truth within the context of digitalisation in the 
AEC industry. Shojaei et al. (2019) also proposed a blockchain solution based on the 
Hyperledger Fabric platform that can maintain a record of project progress and thus 
automatically govern construction contracts and avoid many potential disputes. For 
digital twin technology, Lee et al. (2021) proposed an integrated digital twin and 
blockchain model for communicating traceable data among project stakeholders. 
The integration of blockchain and BIM technologies will further ensure data avail- 
ability and reliability for all stakeholders. 


12.2.3 Cost Saving 


Construction projects often struggle with a considerable number of disputes and 
transaction costs, mostly due to a lack of trust and transparency in the contract 
administration (Cheng et al. 2021). Blockchain technology is suggested to solve this 
issue by eliminating intermediaries in construction agreements. In this regard, 
Dakhli et al. (2019) examined the amount of cost savings after applying blockchain 
technology in a real estate company and found that deploying blockchain technology 
in residential construction could save 8.3% of total cost. Hamledari and Fischer 
(2021) also discussed the inappropriateness of current centralised workflows for 
automatic payments based on project progress. To tackle this problem, they pro- 
posed a decentralised smart contract framework enabling construction progress 
payments to be made automatically based on an unmanned vehicle-based progress 
monitoring process. These applications indicate how blockchain technology can 
enable industry actors to gain more value with fewer costs. 


12.2.4 Information Management 


Blockchain technology features are suitable to address the challenge of transparency, 
trust, and intellectual property protection in construction documents. A primary 
challenge of construction quality management is that, traditionally, quality informa- 
tion is recorded on paper by specialists, which can lead to data loss. To address this 
issue, Wu et al. (2021) proposed a conceptual framework based on Hyperledger 
Fabric and the consortium blockchain network that records all data on an immutable 
network making it more reliable than paper reports. The immutable feature of the 
blockchain network facilitated data integrity in the proposed document management 
system. In some cases, the large amount of data makes decision-making susceptible 
to error. To overcome this problem, Ciotta et al. (2021) proposed smart contracts 
with different levels of complexity, focusing on reducing human error and increasing 
the reliability and transparency of the decision-making processes in construction. 
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12.3 Circular Economy Through Blockchain Technology 


Blockchain technology has been identified as a promising tool to support circular 
economy strategies in a variety of ways (Kouhizadeh et al. 2019). This section 
investigates how blockchain technology and its features can improve different 
circular economy strategies (particularly, regenerate, slow, narrow, and close strat- 
egies) in the built environment. 

The regenerate principle contains efforts to transition from fossil fuels to renew- 
able energy and materials, avoid the use of hazardous contents, and improve 
biodiversity (Cetin et al. 2021). To this end, traceability and immutability features 
in blockchain technology enable industry actors to manage and track energy and 
material flows from production lines to specific points of consumption. This brings 
about a level of transparency to the system that can promote renewable energy and 
material use. This strategy can also benefit from the decentralised structure of 
blockchain through leveraging material or energy trading on a peer-to-peer network 
without relying on third parties. 

The s/ow strategy includes efforts to maximise value through sharing goods while 
minimising duplications and waste (Cetin et al. 2021). Utilising used goods or 
sharing assets can be classified in this category. An immutable and secure network 
of blockchain lays a solid foundation for sharing material and goods while tracking 
ownership and usage information. For example, blockchain technology has been 
utilised to provide a secure platform for car-sharing (Shrestha et al. 2020; Auer et al. 
2022). 

In addition, the slow strategy is defined as a circular path for remanufacturing 
goods or components instead of a linear path of make-use-dispose (Cetin et al. 
2021). To this end, we need effective ways to track and trace materials, components, 
and products from the production point to the end of life. In this situation, blockchain 
technology can provide a reliable way to trace information for logistic activities, 
history of energy use, etc. In one example, a Hyperledger Fabric network (a type of 
private blockchain) is applied to provide a traceable network of material data. This 
framework allows preplanning for reusing materials in the built environment 
(Shojaei et al. 2021). 

The narrow strategy aims to boost system performance by minimising non-value- 
added activities in processes of manufacturing, operating, and consuming (Cetin 
et al. 2021). The application of big data analytics in this strategy has drawn 
considerable attention as one of the most promising technologies (Marinakis 
2020). Additionally, automation and enforceability of smart contracts in blockchain 
networks can facilitate the transition to more optimised business systems. Many 
existing manual workflows, which are highly reliant on centralised workflows, can 
be upgraded to automated workflows based on decentralised systems (Hamledari 
and Fischer 2021). 

In addition, the narrow strategy includes dematerialising efforts by delivering 
utilities virtually (such as e-documents, online conferencing, etc.). Intrinsic features 
of blockchain technology can support this strategy in various ways. Trading goods, 
energy, and components with cryptocurrency can help reduce issues such as lack of 
trust, transparency, and the need for intermediary facilitators related to current trade 
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Fig. 12.2 Links between blockchain features and main circular economy strategies 


practices. Blockchain technology’s transparency feature can also help reduce the 
massive paperwork currently used in business practices without sacrificing trust and 
traceability. Furthermore, smart contracts can help automate manual and labour- 
intensive workflows. 

Using the close strategy, buildings’ end-of-life resources can be reintroduced to 
the economic cycle (Çetin et al. 2021). Traceability, transparency, and immutability 
are all features associated with blockchain technology that can improve this strategy. 
Blockchain-based systems can provide a more reliable platform for material flow 
during the whole life cycle of buildings through their applications in supply chain. In 
summary, Fig. 12.2 presents how blockchain features and advantages are aligned 
with the four discussed circular economy strategies. 


12.4 Examples of Blockchain Applications for a Circular 
Built Environment 


Although much attention has been given to conceptual frameworks based on intrin- 
sic features of blockchain technology, practical services using blockchain features 
have remained mostly unexplored. In this section, we examine some real-life 
examples of blockchain technology adoption for a transition to a circular economy 
in the built environment. 

Nowadays, a considerable number of distributed energy resources enable us to 
access renewable energy microgrids on a range of buildings. However, balancing 
loads from different inputs and outputs is a major barrier to this opportunity. In this 
situation, blockchain technology has been applied as a solution in some real-life 
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services explained below. Immutability along with transparency in a blockchain 
network is, for example, being utilised along with artificial intelligence (AI) tools in 
the Port of Rotterdam to create an energy market for trading renewable microgrid 
energy on the buildings. This platform reduced user costs by 11% in 2021 and has 
attracted much attention for a promising future solution (Distro 2021). In a similar 
effort in Australia, Powerledger (a software and technology company) provides a 
decentralised market for renewable energy generation, storage, and purchasing in an 
optimal manner. A blockchain-based software has been developed based on this 
solution to trade rooftop solar power between international schools, apartment 
complexes, shopping centres, and dental hospitals in Bangkok. Therefore, these 
services support regenerating the resource loops. The traceability of the blockchain 
network is utilised in a pilot project by the Iberdrola company (a company working 
in the field of renewable energy) to certify sources of green energy to build trust 
among users and encourage them to adopt renewable energy sources. This is aligned 
with the regenerate strategy in the previous section. 

Blockchain technology is not always utilised as a tool to add traceability and 
transparency values to old systems; it can be used to change the whole business 
model. The Brooklyn Microgrid in the United States is a good example of this 
change. Instead of using a central grid network, this platform redesigned the energy 
grid model by providing a community-based and decentralised network applying 
blockchain technology. According to this concept, the actual energy in the system is 
generated, stored, and traded locally by community users instead of using a third- 
party utility company. Users on this platform can contribute to electricity generation 
by solar panels in their own buildings or the energy stored in electric cars. Users who 
need more energy can buy energy directly from other users. Extra energy in the 
network is shared and stored among all users and allows them to be a step closer to 
implementing a circular economy in their community. This example utilises almost 
all strategies for reaching circularity at a community level. 

A carbon credit market in China is based on a blockchain network, where 
individuals can track carbon emissions on a smartphone app in a reliable manner 
and trade with those who need carbon credits (ECO2 2015; Jackson 2022). (The 
same concept could be applied in the built environment to enable buildings with high 
energy efficiency or low carbon footprints to monetise their savings.) For another 
example, EZ Blockchain in the United States utilises waste natural gas that cannot be 
effectively sold as fuel to mine Bitcoin. Similar solutions could be applied to waste 
materials in the built environment to recreate value from waste. This alignment with 
the narrow strategy demonstrates additional real-life efforts to transition to a circular 
economy. 

The potential to use blockchain for a more circular economy is not limited to 
examples within the energy context. A significant number of real-life examples 
utilises blockchain technology to create a more efficient supply chain. For example, 
Circularise partnered with the City of Amsterdam to improve sustainability within 
the construction procurement process by proposing a traceable and transparent 
platform for tracking material information. This platform answers the need for 
effective ways of tracing materials from the production point to the end of life. 
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The provided traceability enables companies to circulate material effectively and 
also mitigate risks across the supply chain. However, transparency, while offering 
benefits, can also create concerns about data privacy and confidentiality. Different 
types of blockchain technology can be utilised to address this issue. For example, 
Circularise developed a solution called ‘Smart Questioning’, based on a public 
blockchain, which not only provides transparency but also preserves companies’ 
confidential data in a secure and reliable manner. Another example is BanQu, which 
created a supply chain platform to authenticate transactions during the whole extent 
of the supply chain. This service allows active players to manage records. These 
innovations are aligned with the close strategy. 

Furthermore, material management during the construction phase of the built 
environment is critical. Despite academic efforts to apply blockchain technology as a 
solution to the construction supply chain (Tezel et al. 2020; Shemov et al. 2020), 
there are few real-life examples of these efforts. As one of the few examples, 
DigiBuild developed a blockchain-based solution to provide trusted material man- 
agement among all parties involved in construction projects. Another example is the 
company Empower, which motivates transparent and traceable waste collection 
through the use of blockchain technology. ReCheck is another example of a com- 
pany putting efforts into creating a material circularity passport for the built envi- 
ronment. Through a blockchain-enabled network, this platform records the material 
information in an immutable and transparent environment. Such information pro- 
vides us with an easier process of recycling at the end of the building life cycle. 


12.5 Challenges of Applying Blockchain Technology 


Despite the advantages of applying it towards a circular economy, blockchain, like 
many other emerging technologies, faces considerable challenges for practical 
implementation. In this section, some of the most significant barriers are discussed 
to set realistic expectations for this technology. Furthermore, despite efforts noted in 
the previous section, real-life examples of blockchain technology for circular econ- 
omy practices in the built environment are very limited. The reason for this scarcity 
can be explained by various challenges in implementing blockchain technology in 
practice. 

First of all, although blockchain technology started in 2009 (the year of the first 
mined Bitcoin), it still can be considered an emerging technology, as it has experi- 
enced significant changes from its first appearance. Its constantly changing nature 
has led to many challenges for its implementation. The lack of sufficient experts is 
one of these challenges (Connolly 2021), which poses an additional risk when 
deciding on technologies for the relatively new concept of a circular built environ- 
ment. Furthermore, the multi-stakeholder structure of a circular built environment 
makes it hard to get all parties on the same page, especially when they must decide 
whether to use a technology with only scant resources and few experts who 
understand it well. Moreover, AEC tends to be a risk-averse industry that is very 
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slow to adopt new technologies (Oesterreich and Teuteberg 2016; Li et al. 2019). 
Creating a solution that brings all these stakeholders together in a unified platform is 
a challenging task. 

Blockchain interoperability is another challenge in decentralised networks. This 
means that each blockchain network has a unique structure, making it incompatible 
with some or all other networks. For example, if the Ethereum blockchain, one of the 
most well-known public networks, is chosen for implementing a circular economy 
solution, any platform developed with it will be incompatible with many other 
blockchain networks. 

The next challenge is the speed and performance (including costs) of blockchain 
networks. Blockchain technology is relatively slow when applied to massive 
amounts of everyday data, be it energy or any other type of data. Each transaction 
in Ethereum can take to several seconds, making applications function very slowly, 
especially in comparison to centralised common databases (Wang et al. 2020). 
However, it should be noted that many new blockchain networks have been devel- 
oped to address this issue. For example, while Ethereum can perform 15 transactions 
per second, the Polygon blockchain can perform more than 65,000 transactions per 
second. Applying blockchain technology is also associated with implementation 
costs because each transaction has a transaction fee. It can make decision-makers 
reluctant to apply this technology early in their transition to a circular economy. 
However, some new blockchain networks, such as Polygon, offer more affordable 
transaction fees. 

Another challenge is related to regulatory issues within and beyond organisations. 
For example, regulations in governmental agencies may not allow the implementa- 
tion of a new technology like blockchain that can potentially change existing 
workflows. This is particularly evident in the public sector, where all workflows 
are governed by legislation. There is no solid and certain standard for the proper 
implementation of blockchain technology (Alaloul et al. 2020), which in part hinders 
the development of appropriate legislation for implementing blockchain technology 
in practice. In addition, a fully integrated adoption of blockchain technology in the 
various fragmented organisations of the AEC industry requires regulatory changes, 
which brings additional time and costs for organisations. 

Kiu et al. (2019) have mentioned the challenge of developing a smart contract and 
its associated coding, especially when it comes to encoding the developing concepts 
in the circular economy field. Although the immutability and enforceability of smart 
contracts were mentioned as advantages above, they also can become a challenge as 
codes cannot be updated after final execution. This can be challenging in the field of 
circular economy, which is an emerging field that needs constant improvements. 

The interaction between a blockchain network (on-chain) and technologies out- 
side of the blockchain (off-chain) is also mentioned as one of the most serious 
challenges for developing an automated solution based on blockchain technologies. 
Oracles are middleware agents that bridge real-world, off-chain data to on-chain 
networks (Al-Breiki et al. 2020). However, the main problem with widely used 
oracles is that they are centralised services and are thus vulnerable to all the 
traditional problems associated with centralised systems, such as single points of 
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failure and lack of transparency, cost, and dependency. This challenge can impact 
the functionality of digital twins and IoT when they are integrated with the 
blockchain technology. As a result, it can impact the performance of applications 
developed for building industry based on these tools. 

It should also be noted that although there is a considerable number of open 
challenges for adopting blockchain technology, potential solutions are being pro- 
vided on a daily basis, making the future of adoption more promising. For example, 
decentralised oracle networks were recently developed as a solution for avoiding the 
problems associated with centralised oracles that were mentioned above. 


12.6 Future of Blockchain Technology in a Circular Built 
Environment 


Blockchain technology has experienced numerous innovations since its introduction 
in 2008 (under the pseudonym Satoshi Nakamoto). In this section, we explore some 
of these concepts that can potentially influence the future adoption of blockchain in a 
circular built environment. Decentralised application (dApp) is one of these new 
concepts, which refers to a kind of application built over smart contracts. These 
kinds of applications are almost similar to web applications in how they look and are 
accessed (front-end), with the difference that they mostly use smart contracts as their 
functioning mechanism (back-ends) (Ethereum 2022). These applications are asso- 
ciated with intrinsic transparency and accessibility of the Ethereum network. Most 
real-life examples introduced in Sect. 12.4 were developed as dApps powered by 
smart contracts for the purpose of each platform. However, dApps hold much more 
potential for future developments. BIM and digital twin assets can be integrated with 
smart contracts for building dApps that improve the circular built environment based 
on strategies discussed in Sect. 12.3. For example, integrating BIM with blockchain 
technology allows us to create material passports in a secure and immutable manner 
integrating into the design workflow or maintenance operations to inform the users 
in decision-making processes. Furthermore, material information is stored on a 
blockchain network and then can be used by different parties to select the best 
strategy for a transition to a circular environment. 

Smart contracts also can be applied to generate crypto tokens. Tokens are digital 
representations of assets or interests that have been tokenised on the blockchain of a 
cryptocurrency (Frankenfield et al. 2023). Basically, tokens can be divided into two 
categories: fungible tokens (FTs) and non-fungible tokens (NFTs). FTs are divisible 
and interchangeable tokens, each equivalent to another, such as cryptocurrencies. 
NFTs, however, are indivisible, verifiable tokens representing a piece of information 
on a given blockchain network, whether digital art or any other kind of information 
(Bal and Ner 2019). Although few examples use FTs to trade energy (see details in 
Sect. 12.4), to the best of our knowledge, NFT features have not yet been used in the 
transition to a circular built environment. For example, NFTs can be used to monitor, 


224 A. Shojaei and H. Naderi 


verify, and report building energy performance or dynamically present an asset 
status during its life cycle or circular economy strategies (regenerate, slow, narrow, 
close) implemented on it. To be more specific, the efforts to maximise sharing goods 
through its life cycle can be tracked using dynamic NFTs as a way for monitoring 
slow strategy in implementing circular economy in the built environment. This 
capability builds lost trust among stakeholders and enables them to clearly track, 
monitor, and manage the building energy performance or the status of an asset in a 
secure and immutable manner. This can increase the investments and buy-in on 
green buildings and circular strategies. 

There are also other emerging concepts under the general term of blockchain that 
need more investigation. Decentralised autonomous organisation (DAO) is one of 
these concepts. Instead of relying on a central governmental component, DAOs are 
controlled by various users in a decentralised network (Reiff 2022). DAO is a 
community-based organisation that distributes decision-making without any inter- 
vention from a centralised power. This decentralised structure brings about a true 
bottom-up management approach, which can offer opportunities for transition to a 
circular built environment. Integrating DAO and digital twins in the built environ- 
ment can bring a higher level of functionality. For example, a decentralised auton- 
omous organisation (DAO) prototype to build a self-governing house (Hunhevicz 
et al. 2021). This integration can eliminate the reliance on a single authority for 
decision-making. This integration can be applied to create an autonomous built 
environment that runs its decisions automatically, optimising the use of resources 
and energy. This opportunity can save considerable time and cost in building 
operations and lead the built environment function with circular principles. 

Another newly discussed concept, which is rarely explored, is decentralised finance 
(DeFi). This financial system is powered by smart contracts and a decentralised 
blockchain network without relying on intermediaries such as banks (Sharma 2022). 
DeFi can enable public users to fund circular building projects securely and quickly 
without being charged bank service fees. This opportunity can promote circular 
economy projects and lead to achieving sustainable goals quicker. 

In conclusion, the potential for blockchain technology to revolutionise the circu- 
lar built environment is immense, offering a myriad of opportunities for stakeholders 
to enhance transparency, efficiency, and collaboration. This technology can be 
particularly transformative in areas such as energy and resource management, 
waste reduction, and promoting sustainable practices throughout the entire life 
cycle of buildings. While there have been some promising real-life examples of 
blockchain technology being applied to the built environment, its full potential has 
yet to be realised due to the numerous challenges and barriers that must be addressed, 
including the emerging nature of the technology, interoperability, performance, 
regulatory issues, and integration with other technologies. 

As we look to the future, emerging concepts such as dApp, NFTs, DAO, and 
DeFi present new avenues to explore for the integration of blockchain technology in 
the circular built environment. By fostering innovation and collaboration among 
stakeholders, addressing the challenges facing the technology, and promoting reg- 
ulatory changes, the full potential of blockchain technology can be harnessed to 
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create a more sustainable and circular built environment, ultimately contributing to 
the broader goal of a more sustainable and resilient society. 


12.7 Key Takeaways 


e Blockchain can create a transparent, traceable platform for tracking materials and 
managing waste in the built environment, supporting a circular economy. 

e Blockchain-based solutions can protect data privacy while offering transparency 
and traceability. 

e Blockchain technology faces challenges like lack of experts, interoperability, and 
regulatory issues that slow down its adoption in the circular built environment. 

e Decentralised applications, tokens, and decentralised autonomous organisations 
can unlock new opportunities for blockchain in the circular built environment. 

e Blockchain integration with digital twins, BIM, and decentralised finance can 
promote efficient resource use, optimise decision-making, and support a sustain- 
able circular economy in the built environment. 
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Chapter 13 
The Role of Digital Building Logbooks S 
for a Circular Built Environment 
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Abstract Digital building logbooks (DBLs) are digital repositories of building- 
related data gathered throughout the full life cycle of a building. DBLs help increase 
transparency and access to information during the design, construction, operation, 
and end-of-life phase of a building. They thereby facilitate an efficient and cost- 
effective transition to a zero energy and circular built environment. DBLs could slow 
down resource loops by extending the service life of buildings through better 
coordination of maintenance and repair and close resource loops by promoting 
adaptability and reuse of the whole building and/or its components with multi- 
cycle approaches. This chapter analyses examples of DBLs developed in five 
countries to show that they are useful tools at different life stages of the building 
and for different stakeholders (homeowners, property managers, or building pro- 
fessionals). Challenges for establishing DBLs as a central tool for a circular built 
environment lie in improving the user experience and ease of implementation; 
enhancing interoperability; and effectively collecting, managing, and transforming 
data into actionable information for the management, maintenance, and reuse at 
building and district levels. 


Keywords Digital building logbooks - Building passports - Whole life cycle data - 
Traceability - Data management 


13.1 Introduction 


Building logbooks are repositories of building-related information. They are also 
commonly referred to as building passports, electronic building files, and, in specific 
cases, building renovation passports. They provide a single source for inputting, 
accessing, and visualising all the information associated with a building that can be 
continuously monitored and updated (Hartenberger et al. 2021). As data is captured 
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and managed throughout a building’s whole life cycle, DBLs facilitate transparency, 
trust, and informed decision-making in the construction sector and are considered 
enablers of a circular built environment (Dourlens-Quaranta et al. 2021). While 
material passports (MPs) (see Chap. 5 by Honic et al. on this topic) focus on the 
material-related data of a product and its underlying components, such as life cycle 
impacts or circular characteristics (van Capelleveen et al. 2023), digital building 
logbooks (DBLs) can include technical, spatial, and functional characteristics as well 
as environmental, social, and financial performance data of a building. 

A DBL is intended to be a flexible repository of building-related information that 
can be accessed and managed in different ways by different stakeholders. These 
stakeholders should be able to manually enter, upload, and update information, 
import data from external sources, or link to external databases. DBLs have the 
potential to cover a wide range of building-related information: static data (such as 
administrative documents, building plans, bills of materials, etc.) and dynamic data 
(such as maintenance logs, operational energy consumption, etc.) (Hartenberger 
et al. 2021). DBLs allow centralised access to information and can cluster digital 
product passports (DPPs) and MPs at the component and material level, including 
information on energy performance certificates and renovation roadmaps towards 
minimum energy performance requirements. 


13.2 Digital Building Logbooks (DBLs) 


13.2.1 DBLs in the European Built Environment 


Several European policy documents, ranging from European legislation to future 
recommendations, have been established to pave the way for a low carbon, digital, 
and circular Europe. Despite the emphasis on the ‘energy efficiency first’ principle, 
there is a clear trend towards the inclusion of embodied greenhouse gases and whole 
life carbon in order to meet climate targets and decouple growth from resource use 
(European Commission 2019). In this context, the review of the Ecodesign frame- 
work, foreseen by 2025, will establish mandatory DPPs to improve the traceability 
of products along the value chain (Directorate-General for Environment European 
Commission 2022), including construction-related products. At the building scale, 
DBLs are specifically referred to in the Energy Performance in Buildings Directive 
(EPBD) recast proposal (European Commission 2021a), as tools to promote circular 
economy principles throughout the life cycle of buildings. The EPBD recast pro- 
posal (European Commission 2021a) also outlines the concept of a building reno- 
vation passport as a customised action plan for a specific building to help it achieve a 
higher level of energy efficiency. 

In 2020, the European Commission commissioned a study on the development of 
a European Union framework for the DBLs (Dourlens-Quaranta et al. 2021). In 
several European countries, DBLs are already in use or in the process of being 
introduced (Jansen et al. 2022; Gómez-Gil et al. 2022). Some of these can be 
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Fig. 13.1 Relation of DPPs, MPs, and DBLs across scales and life cycle stages, with the darker 
shade highlighting the focus life cycle stages 


identified as a DPP or MP. The differences in scope between these digital tools are 
still a topic of discussion, as they can be related to the scale of implementation (from 
material and product to building), life cycle stages coverage, and scope of the 
contents. All three - DBLs, DPPs and MPs — are intended to be useful throughout 
the whole life cycle of a product. However, they have different focus: DPPs are 
created in the moment of production; MPs can be created during design and 
construction or at the end-of-life stage of a product or a building (Honic et al. 
2021), but their most essential contribution lies at the beginning and at the end-of- 
life and next-use stages, enabling reuse and recovery of materials (see Chap. 5 by 
Honic et al.); and the main focus of DBLs is the use stage, as represented in 
Fig. 13.1. DBLs might ‘nest’ lower-level passports (such as DPPs or MPs), so that 
information can be inherited at a higher (building) level from underlying levels 
(components or materials) (Platform CB’23 2020). Furthermore, DBLs can be seen 
as ‘living’ logbooks that can be updated, automatically or not, during the life cycle 
stages, and they can include information related to energy performance, health and 
comfort, and operational management, while DPPs and MPs tend to be more static. 


13.2.2 DBLs for a Circular Economy 


The EU Parliament’s Strategy for a Sustainable Built Environment, aiming to set the 
legislative priorities for the built environment regarding the implementation of the 
European Green Deal, refers to the importance of DBLs to increase material 
efficiency and to reduce the climate impact of the built environment, in particular 
by promoting circularity principles throughout the life cycle of buildings (European 
Parliament 2023). DBLs are an ‘important means to achieve a more circular con- 
struction sector, as they promote reuse at the material, product, element, and building 
scale’ (Platform CB’23 2020). In addition, DBLs can promote the principles of 
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durability, adaptability, and circularity principles throughout the life cycle of a 
building (Hartenberger et al. 2021). As with DBLs, information on the installed 
construction elements, components and materials, their lifespan, and the possibilities 
for dismantling, reuse, and recycling can be systematically collected, organised, and 
updated. In this way, DBLs can improve the overall transparency, trust, and coop- 
eration between different stakeholders and support sustainable decision-making 
when it comes to modifying actions during the life cycle of a building, ultimately 
preserving the value of the materials. DBLs can help maintain the value of the 
building throughout its life cycle and contribute to smarter use of materials and 
products (narrowing the loop), extending the life of buildings and components 
(slowing the loop) and ensuring beneficial end of life (closing the loop). 


13.2.3 Examples of DBLs in Europe 


This section presents examples of DBLs developed in five geographical contexts 
with different local drivers and normative frameworks: France (CLEA), the UK 
(Residential Logbook Association/Chimni), Germany (CAPSA), Belgium 
(De Woningpas), and the Netherlands (CIRDAX). These DBLs were chosen to 
showcase the wide variety of legal and market backgrounds, level of maturity, 
functionalities, and target audiences. The DBLs are analysed in terms of function- 
alities, data management, data fields, and contribution to circularity strategies. 


CLEA, France 


Since January 2023, French regulations have made the ‘Carnet d’Information du 
Logement’ (dwelling information file) mandatory for all new buildings; however, 
digitalisation is not mandatory. In this context, Qualitel, a French certification body, 
has developed CLEA — a DBL that was launched to the market in October 2020. 
Currently, CLEA is used in 50,000 dwellings (45,000 privately owned multi-family 
homes and 5000 single-family homes). This business-to-consumer (B2C) DBL is 
intended for building owners and tenants, either directly or through real estate 
managers. The CLEA DBL is divided into different information categories, namely: 
general dwelling information (cadastre information); documents (repository of pdf 
files with invoices, rules, or minutes of residents’ association); equipment (user guides 
and maintenance alerts for heating, ventilation, and air conditioning (HVAC) equip- 
ment); news (blog); and energy monitoring (connected to smart meters). 


Residential Logbook Association, the United Kingdom 


In the UK, there is no specific building logbook legislation. In 2021, the Coalition for 
the Energy Efficiency of Buildings (CEEB) developed a standardised framework for 
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Building Renovation Passports in the UK to help finance a net-zero carbon built 
environment. In this context, the Residential Logbook Association brings together 
several DBL companies to contribute to the regulatory process. Approximately 
250,000 homes have a DBL verified by the RLBA. Chimni is one of these business- 
to-business (B2B) and B2C DBLs. It is tailored for homeowners, estate agents, and 
house builders for existing and new buildings. Information categories currently 
included in this DBL are pictures and floor plans; geolocation; document storage 
(deeds, certificates, etc.); utility dashboard (connecting to gas, electricity, and water 
companies); and property history timeline. 


De Woningpas, Belgium 


The Woningpas (De Woningpas, 2023) is a DBL owned and developed by the 
Flemish government as part of the implementation trajectory for the renovation wave 
and the regional decree on building passports (Vlaams Overheid, 2018). It makes 
building passports available for all building units in Flanders. The Woningpas was 
launched in December 2018 as a B2C DBL for residential building units, and an 
extension of the DBL to all non-residential buildings is planned for the end of 2023. 
The DBL data is linked to external platforms via Application Programming Inter- 
faces (APIs), connecting all available information from public authorities or other 
institutions (e.g. inspection organisations of energy network operators). In this way, 
the Woningpas is automatically fed with data and made freely available to the 
building owners of all 4 million individual building units in Flanders. A building 
owner can add information about work carried out and certificates (pdf files) in a 
digital environment and also can share the information in this DBL with the public. 
The information categories currently offered by this DBL include building informa- 
tion (cadastre information); energy (energy performance certificate, renovation 
advice, renovations work); insulation, glazing, and installation characterisation; 
soil characterisation; building permits; dwelling quality; mobility; water and sewage; 
flood sensitivity; biodiversity level; and asbestos. 


CAPSA, Germany 


Chillservices is a commercial company that has been providing building logbooks 
for large food retailers since 2016. In 2021, the company launched a new variant for 
office and residential buildings — CAPSA, which is currently applied to 50,000 
apartments in Germany, but also in smaller test cases in Scotland, the Netherlands, 
and Italy. CAPSA is a B2B DBL to support housing owners and facility managers. It 
consists of a smartphone app to collect primary data, supported by geo-positioning 
and image recognition. The collected data is stored in a cloud-based platform and 
interpreted with the support of external data sources. Functionalities currently 
offered by this DBL include the following information categories: calculation of 
energy performance; surface area; material catalogue and embodied carbon; asset 
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management (condition assessment, monitoring, and maintenance advice); and 
semi-automated calculation of decarbonisation roadmaps. 


CIRDAX, the Netherlands 


CIRDAX (2023) is a commercial materials management system launched in 2016 in 
the Netherlands by the company Re-Use Materials. As the focus of this DBL is 
mostly on materials, it can be considered an MP (see Chap. 5 by Honic et al. on 
material passports). However, CIRDAX is also an example of an integrative 
approach of digitalisation, as it combines the inventory of materials and components 
in a building scale with a digital twin (see Chap. 1 by Koutamanis on BIM and digital 
twinning) and includes building management functionalities, and should therefore 
be considered as a DBL. The data collected by 3D-scanning or manual inputs are 
aggregated in a DBL, linked to a blockchain to provide verifiable information about 
the ownership of materials for future transactions. CIRDAX is a B2B DBL, currently 
used by governmental organisations and real estate organisations for in-depth 
digitalisation of existing real estate portfolios. This DBL currently includes material 
passport; 3D Digital Twin; CO, balance calculator; management and maintenance 
(condition assessment and maintenance alerts); performance dashboards (circular 
potential, financial value, and CO, emissions); and material marketplace. 


13.3 Data Fields Supporting Circular Strategies 


Table 13.1 presents a summary of the most relevant data fields enabling circularity in 
the built environment present in the analysed DBLs. All analysed tools include 
geolocation of the building, a data field that can be linked to GIS (see Chap. 2 by 
Tsui et al) to optimise distances in the construction and end-of-use stages, encourage 
smart use of available space, track, and trace available resources (from materials to 
energy, including space), and encourage excess resource exchange. 

The focus of most DBLs is on energy in the use stage of the buildings: informa- 
tion on maintenance and use of HVAC equipment (CLEA, Chimni, Woningpas, 
CAPSA), links to energy certificates (Woningpas), invoices and consumption data 
from utilities (Woningpas, Chimni), or live monitoring through smart meters 
(CLEA, CAPSA). Thus, they support the narrowing of resource loops in the use 
stage, by improving and tracing energy efficiency in buildings, with energy renova- 
tion roadmaps (such Woningpas and CAPSA) and encouraging the reduction of 
primary energy inputs, by integrating renewable energy sources and analysis of solar 
potential (Woningpas). 

Slowing resource loops is also an important aspect tackled by the analysed DBLs. 
By integrating data about the heritage values of the building, tools like Chimni and 
Woningpas reinforce the emotional connection with the users so that the users feel 
attached to their buildings (Cetin et al. 2021). Together with information about user 
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guidance, condition assessment, and maintenance (for instance, in CAPSA and 
CIRDAX), these strategies contribute to redesign strategies that extend the service 
life of the building. 

By including modules related to materials, such as an inventory of materials and 
components and analysis of embodied carbon, CIRDAX and CAPSA show the 
potential of DBLs to contribute to closing resource loops, avoiding waste, and 
bringing resources back into the economic cycle. CIRDAX’s MP links to a circular 
potential analysis (Potting et al. 2017) and the residual value of the building and 
connects supply and demand for material reuse with blockchain technology (see 
Chap. 12 by Shojaei and Naderi on the topic). Woningpas is the only DBL analysed 
to include information on the plot and city level, such as soil characterisation, 
mobility, and blue-green levels. It also includes information related to the quality 
of the indoor environment (home quality assessment), making this the only analysed 
tool already targeting the regeneration of natural and human systems, promoting 
biodiversity, healthy environment, and exchange of resources at the community 
level. 


13.4 Business Models for DBLs 


As identified in the European Commission study on building logbooks, several 
European approaches to DBLs do not yet have a clear business model that can be 
easily be replicated (Carbonari 2020). For the stakeholders involved, the lack of 
definition of business models is a significant barrier to the development of a DBL or 
its replication (Carbonari 2020). The analysis of the five DBLs identified some 
common benefits highlighted by all the DBLs analysed: the centralisation of infor- 
mation, which becomes easier to find and to share, resulting in streamlined 
workflows, the reduction of sectoral fragmentation, and the reduction of adminis- 
trative burden. At the same time, the availability of reliable information contributes 
to greater transparency in all the processes, reducing risks, speeding up transactions, 
and, ultimately, increasing the property value. Despite the very different market 
groups, the benefits presented by the different DBLs tend to be overarching and thus 
may miss the unique value proposition for each specific stakeholder. 

Three business models were identified in the five DBLs analysed: a B2B sale 
(product-oriented), where DBLs are sold to real estate promotors for a limited period 
of time; a B2C sale, where DBLs are sold directly to individual end-users; and B2B 
(use-oriented) commercial licence, where DBLs are offered as a service. The B2C 
approaches (CLEA and Chimni) are currently free for individual users as an exper- 
imental approach to attract new users but are likely to gradually become ‘freemium’ 
services, combining some free features with more advanced features available only 
for a fee. The commercial licence fees are associated with the use of a software tool 
and are targeted at real estate owners and housing corporations with larger real estate 
portfolios. For example, access to the full list of functionalities identified for 
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CIRDAX requires the payment of a premium licence per month, per user, and per 
building. 

Depending on the objective of the DBL, business models should be based on the 
clearly defined added value of using a DBL. This could result, on the one hand, in a 
single unique selling proposition such as a B2B/B2C opportunity that by using a 
DBL in which a maintenance company has access to building-related data, actual 
maintenance and operational costs decrease. For example, a technical installer with a 
maintenance contract with a private homeowner could timely plan maintenance 
because the operational efficiency of the installation decreases with collaterally 
higher energy consumption (and thus costs). On the other hand, business models 
based on the clear added value of DBLs could result in a multitude of B2C 
opportunities, for instance, for covering flood-related insurance costs, assessing 
photovoltaic potential, or estimating the costs of asbestos removal. A 
pre-condition for these business models would be a certain level of data sharing 
between the different parties involved. 


13.5 Discussion 


13.5.1 Future Developments for DBLs 


Ambitions for developing DBLs and increasing the contribution to a circular built 
environment vary widely depending on the current level of complexity and stake- 
holders targeted. Most of the current DBLs still have a one-dimensional focus on the 
use phase and operational energy consumption, with little coverage of the whole 
cycle (Hartenberger et al. 2021). DBLs such as Woningpas are aiming to integrate 
external data from smart meters to monitor real performance, and CAPSA has 
already done so. Some of the DBLs presented already provide users with automated 
renovation advice (Woningpas) or detailed decarbonisation roadmaps (CAPSA), 
which can support the renovation of the building stock, investment decision-making, 
and access to EU funding, green financing, and insurance products. 

According to the European Commission, the automatic input of data from a BIM 
model (see Chap. 1 by Koutamanis) is considered important for the majority of 
stakeholders (Dourlens-Quaranta et al. 2021), as it would contribute to speeding up 
the processes and reducing costs — two major barriers to the implementation of DBLs 
(Dourlens-Quaranta et al. 2021). This is not yet common practice, as the analysis of 
cases demonstrated, with only CIRDAX offering that possibility, and Chimni 
actively working on its integration with the DBL. 

Collaboration is an essential strategy in the transition towards a circular built 
environment (Cetin et al. 2021), which will require integrating needs and expectations 
of multiple stakeholders at multiple scales. Understanding the building as a part of a 
larger complex system shaped by social, economic, and environmental forces is 
important for identifying flows of material products and waste across different scales. 
DBLs contribute to a better overview of the existing building stock and can enhance 
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collective approaches that significantly reduce impacts at the neighbourhood and 
urban levels. DBLs, together with GIS technologies (see Chap. 2 by Tsui et al.), can 
support community-driven decarbonisation and the decentralisation of water, energy, 
and waste flows and simultaneously establish urban mining networks with information 
on the location and availability of materials. 

To improve the contribution towards a circular built environment, the next 
generation of DBLs needs to go beyond energy and support sustainable flows 
throughout the entire life cycle of the building and beyond. In the study of the 
European Commission, participating stakeholders identify the building material 
inventory as one of the most important features (Dourlens-Quaranta et al. 2021). 
However, the analysis of the practical cases in this chapter shows that DBLs 
integrating this feature are still the exception and not the common practice. Requir- 
ing a bill of materials could increase the completeness and accuracy of the DBLs 
(Platform CB’23 2020) in the early stages and, later on, facilitate the traceability of 
embodied carbon and life cycle costing (Hartenberger et al. 2021). It also would 
offer an opportunity to integrate DBLs with current policy frameworks, such as 
LEVEL(s), by providing the necessary information to assess resource efficiency and 
material life cycles (European Commission 2021b), as soon required by the EPBD 
(European Commission 202 1a). 


13.5.2 Market Uptake 


To ensure that DBLs are effectively useful tools, a more systematic and aligned 
approach to data collection, storage, and exchange is needed. Passports should allow 
comparison and interchange of information, and ‘it is important that everyone uses 
the same technical terms and uses the same definitions’ (Platform CB’23 2020). The 
five practical cases analysed show that the same functionalities may mean different 
things in the different DBLs. This was clear in the data fields related to general 
cadastre information and building characterisations, for instance, and in the integra- 
tion of maintenance advice or environmental product declarations (EPDs). Future 
developments need to establish protocols and tools to ensure interoperability and 
compatibility of information so that DBLs are effective tools for information sharing 
and not obstacles to access. A harmonised framework of minimum requirements and 
protocols for DBLs is essential to ensure that accurate and correct data is available 
while still allowing for a diverse range of DBLs to meet different market needs and 
local drivers. Standardisation of minimum requirements goes hand in hand with the 
financing of the development of DBLs (Dourlens-Quaranta et al. 2021): certain 
mandatory aspects can be developed by the public sector (such as Woningpas), 
ensuring transparency and harmonisation, while more advanced features can be 
developed with commercial purposes, targeting stakeholders’ specific needs (such 
as CIRDAX). The highest value for the end-users will be achieved when both 
approaches can be combined. 


240 J. D. S. Gonçalves et al. 


User-friendliness is a key factor determining the success of DBLs. Greater market 
uptake depends on the extent to which governments impose obligations (Platform 
CB’23 2020), but also on a better understanding of users’ needs, attitudes, and 
personal motivations (Gonçalves et al. 2021), as there is no ‘one-size-fits-all’ solution 
for DBLs. Despite the overarching benefits of implementing DBLs identified in the 
findings, not all levels of information are relevant to all stakeholders. Therefore, 
DBLs, despite their role as an information hub, need to allow for different levels of 
granularity and user roles to avoid overburdening stakeholders with additional work 
and costs for data storage and management (Hartenberger et al. 2021). A key issue for 
the successful development and large-scale application of DBLs will depend on the 
business model. While the overarching objectives of DBLs are in line with the EU and 
national ambitions, it does not seem to be the case here as well; there is no one-size- 
fits-all solution for DBLs. Some will be based on a B2B model, B2C model, or fully 
supported by governments. For the B2B and B2C models, it will be key to define clear 
unique selling propositions that generate value for the customer. 


13.5.3 DBLs as Enablers of Circular Economy 


DBLs have the potential to contribute to three main circularity goals: (1) measuring 
achieved circularity; (2) management and maintenance in the use phase; and (3) facil- 
itating future reuse and value retention (Platform CB’23 2020). Despite the different 
levels of complexity and detail, all the five DBLs presented in this chapter contribute 
to the second goal, facilitating the maintenance of the existing building stock; 
CAPSA and CIRDAX include some functionalities that contribute to the first goal, 
namely the material inventory and calculation of embodied carbon, but only 
CIRDAX actively aims at future circularity, value retention, and circular potential. 
Future developments should integrate renovation advice with MPs (see Chap. 5) and 
reuse marketplaces with blockchain technology (see Chap. 13). This would allow to 
balance achievements on operational and embodied carbon and make the most of the 
resources already existing in the building or its surroundings to avoid disposal and 
loss of value and enable multiple life cycles. 

The development of DBLs presents challenges ahead, but the practical cases of 
DBLs already implemented demonstrate the potential of DBLs to enable a circular 
economy in the four strategies proposed by Cetin et al. (2021). They facilitate the 
upgrade and improvement of energy efficiency in buildings in the use phase 
(narrowing resource loops); contribute to extending buildings’ lifetime through 
maintenance and repair, and enabling smart reuse of space (slowing resource 
loops); enable tracking, tracing, and bringing material resources back into the 
economic cycle in the next-use phase (closing resource loops); and contribute to a 
net positive impact when including indicators on biodiversity, surplus resources, and 
environmental quality (regenerating resource loops). 
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13.6 Key Takeaways 


e Digital building logbooks (DBLs) provide transparency and access to building- 
related data throughout the full life cycle of a building. 

e Reliable data can help improve the design, construction, and management of 
buildings, increase market transparency, create innovative services and business 
models, and lead to more effective policymaking. 

e DBLs have the potential to promote a circular economy by facilitating energy 
efficiency of buildings, lifespan extension, intelligent reuse, and tracking and 
tracing material resources for future use. 

e DBLs can contribute to creating a net positive impact if they include indicators 
related to biodiversity, surplus resources, and environmental quality at the build- 
ing and neighbourhood level. 

e A life cycle thinking approach to DBLs can support decision-making based on 
resource optimisation and circularity principles. 

e Future developments should integrate renovation advice with material passports 
and marketplaces to balance achievements on operational and embodied carbon 
performance. 

e Despite the benefits of DBLs to support a circular built environment, a successful 
business model has not yet been proved on the market with fully defined unique 
selling propositions in a challenging context with high expectations, policy 
requirements, and a competitive environment with more and more DBL 
developers. 
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Abstract Business model innovation enabled by novel digital technologies can 
accelerate the impact and upscaling of the circular economy in the built environment. 
Digital technologies not only enable highly impactful new business models but also 
enable innovation of existing business models. Considering the disruptive power of 
digital technologies, rethinking business models in the construction sector for the 
circular economy is vital to manage risks and capture opportunities. This chapter 
presents 12 real-life cases of emerging business models enabled by digital technol- 
ogies that successfully narrow, slow, close, or regenerate resource loops in the 
construction sector. Cases are analysed regarding how they create, deliver, and 
capture value and how they enable circularity. Findings present different types of 
business models for digital technologies prevalent for narrowing, closing, slowing, 
and regenerating resource loops and that enabling capabilities for circularity, such as 
tracking, monitoring, control, optimisation, design evolution, and information 
exchange, are at the core of their value propositions. Industry practitioners can use 
findings to familiarise themselves with emerging business models and innovation 
opportunities. 
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14.1 Introduction 


A business model is a useful management tool to analyse and design a firm’s 
business logic (Casadesus-Masanell and Ricart 2010) and how a company delivers, 
creates, and captures value (Osterwalder and Pigneur 2010). During this process, it 
helps managers to focus on the most relevant building blocks for the creation of 
commercial value (Osterwalder et al. 2005). The business model concept in man- 
agement literature originates from the time when the Internet proliferated, and 
companies’ blueprints to creating value diversified and became more complex 
compared with traditional business models (Osterwalder et al. 2005, Amit and Zott 
2010). Business models are considered a strong indicator of competitive advantage 
(Magretta 2002) because changes are harder to replicate than product innovations 
(Amit and Zott 2010). Thus, in order to stay successful, companies must adapt their 
business model over time to changing business environments (Demil and Lecocq 
2010). 

Technological advances since the diffusion of the Internet in the 1990s have 
enabled new digital business models, which are now transforming industrial-age 
industries, such as the media, retail, financial services, and logistics sector (Veit et al. 
2014). Digital business models can be defined as those that rely on digital technol- 
ogy and leverage the effects of digitalisation (Guggenberger et al. 2020; Barenfanger 
and Otto 2015). Veit et al. (2014, p. 48) define a business model as digital “if 
changes in digital technologies trigger fundamental changes in the way business is 
carried out, and revenues are generated” of which Uber in the transport sector and 
AirBnB in the hospitality sector are prominent examples that have caused major 
disruption of previous business practices. 

Even though the adoption of digital technologies in the building sector is slow 
compared with other sectors (ESCO 2021), an increasing number of digital technol- 
ogies and business models are proliferating. Business models are paramount for the 
market introduction and uptake of these technologies. Only if technologies are 
embedded in business models that create superior customer and business value, 
the technology-enabled offers can be commercialised and scaled. This is the case, for 
instance, in platform models, such as those operated by the Norwegian company 
Loopfront that enables material or second-hand product exchanges (Loopfront 
2022). Given the enormous challenges, such as stagnating productivity, high con- 
struction costs, resource intensity, and scarcity paired with pending ambitious 
environmental regulation in national legislation (ESCO 2021; JRC 2019), new 
digital business models could provide unforeseen solutions to challenges and serve 
customers in radically superior ways. Digital business models are understood as 
innovations in business models that transform analogue, physical objects, processes, 
or content into primarily digital formats (Trischler and Li-Ying 2022). 

Digital technologies, such as platforms or building information modelling (BIM), 
enable a plethora of benefits, such as improved collaboration, easier transactions, 
and greater control of the value chain. The Internet of Things (IoT) increases data 
availability and enables data-driven decision-making for more efficient operations. 
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These developments are fundamentally changing traditional ways companies 
approach operations, procurement, design, and construction and engage with value 
chain partners (McKinsey 2020). For example, Boston Consulting Group estimates 
that 10-17% of total annual spending can be saved in the operation of buildings and 
13—21% in the construction phase from full digitalisation (BCG 2016). Considering 
the disruptive power of digital technologies, rethinking business models and tech- 
nological capabilities is vital to manage risks and capturing opportunities. 

To provide an overview of the developments of digital business models in the 
circular built environment, this chapter presents 12 real-life cases of emerging 
business models enabled by digital technologies that successfully narrow, slow, 
close, or regenerate resource loops in the built environment. Cases are identified 
through desk research focusing on Europe, particularly the Netherlands, due to the 
authors’ familiarity with this geographical context and proliferation of 
commercialised circular solutions in the built environment. Cases are analysed 
regarding how they create, deliver, and capture value, the digital technologies 
used, and their level of maturity. Also, their enabling capabilities to help narrow, 
slow, close, and regenerate resource loops in the built environment are presented. 
Based on the product and service offers of the case studies, several types of digital 
business models for the circular built environment are identified. 

This chapter proceeds with outlining the theoretical background of the circular 
business model concept (Sect. 14.2), the presentation of the case studies for 
narrowing, slowing, closing, and regenerating resource loops (Sect. 14.3), and the 
discussion and conclusion (Sect. 14.4). 


14.2 Circular Business Model Innovation 


A business model can be described as a conceptual tool that can assist in under- 
standing how a company conducts business to create and capture economic value 
(Schaltegger et al. 2012). This chapter defines business models by three main 
elements: value proposition, value creation and delivery, and value capture (Bocken 
et al. 2014; Richardson 2005). 

The value proposition concerns product/service offerings, customer segments, 
and customer relationships of a company’s business model (Boons and Liideke- 
Freund 2013). Value creation and delivery mechanisms are concerned with the 
activities, resources, partners, and distribution channels of a company’s business 
model. Value capture is about the cost and revenue model, and in the case of a 
circular or sustainable model, it also concerns the positive value for society and the 
natural environment. 

Business model innovation is considered to be a holistic approach that can 
function as an enabler to fulfil radical changes in a company’s offers and value 
chains (Wells and Seitz 2005; Bocken et al. 2016; Tunn et al. 2019). Innovating the 
business model involves either reconfiguring the main elements of the company’s 
existing business model or developing new business models (Zott and Amit 2010). 
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In the context of circular economy, business models have received substantial 
attention in literature and industry as an avenue to achieve increased sustainability 
in organisations across industries. Circular business models aim to create, deliver, 
and capture value while implementing circular strategies that can close material 
loops and extend the useful life of products and parts (Nussholz 2018). Adopting 
circular strategies usually requires radical and holistic alterations to a company’s 
offers and value chains (Bocken and Geradts 2022; Wells and Seitz 2005; Nussholz 
2018). 


14.3 Digital Business Models to Enable Circularity 


Twelve business model cases enabled by digital technologies were selected to 
exemplify business models that are narrowing, slowing, closing, and regenerating 
resource loops in the built environment. The following sections describe the com- 
panies’ offers, how they enable circularity, and the main elements of their business 
models. It should be noted that all cases are examples of new business models, 
sometimes operated through daughter companies or spin-offs, and that not neces- 
sarily the whole company associated with the example is fully circular. 


14.3.1 Digital Business Models for Narrowing 
Resource Loops 


This section discusses the companies Parametric Solutions, Philips Lighting, and 
EDGE Next as examples of digital business models for narrowing resource loops. 

The Swedish company Parametric Solutions offers an analytics app based on a 
parametric design method for architectural teams to create and compare design 
options (Parametric Solutions 2022a). Designs are developed based on the client’s 
criteria and downloadable into design tools such as Revit. Optimisation criteria are, 
for example, space efficiency, energy efficiency, and reduced embodied carbon. As 
such, the main enabling capabilities of Parametric Solution’s business models for 
narrowing resource flows are optimisation and design evolution. Parametric Solu- 
tions, for instance, partnered with the engineering consultant COWI and architect 
Arkitema to generate options for building volumes for a respective site (Parametric 
Solutions 2022b). Parametric Solutions creates value through the development of the 
parametric method and customised app based on the client’s design criteria. Value is 
captured through users’ payments for the app licence (Table 14.1). 

Philips Lighting, with its headquarters in the Netherlands, offers an interactive 
IoT and Big Data System for lighting solutions. Sensors in the lighting panels are 
connected to interactive app-based systems that measure the occupancy, movement, 
and lighting levels to adjust and distribute energy usage where needed (Philips 
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Table 14.1 Examples of business models for narrowing resource loops enabled by digital 


technologies 

Company Parametric solution Philips lighting EDGE next 

Sector Building design Lighting Smart buildings 

Country Sweden The Netherlands The Netherlands 

Business Analytics app developer | Light as a service Service provision 

model type platform 

Digital Artificial intelligence IoT, big data, and Digital twin, digital plat- 

technologies analytics form, IoT, big data 

analytics 

Enabling Optimisation, design Tracking, monitoring, Tracking, monitoring, 

capabilities | evolution control, optimisation control, optimisation 

Value Instant creation and com- | Improved lighting qual- | Based on sensors, deliv- 

proposition | parison of design options. | ity. ering data and insights for 
Design optimisation Adjustments based on corporate real estate, 
based on architectural user preferences. portfolio managers, and 
teams’ criteria. Reduction of energy use. | human resources to opti- 
Optimisation of sustain- | Real-time data on oper- | mise building perfor- 
ability criteria, ations and activities for | mance. 
e.g. efficient space use, facility managers to Optimisation of space 
embodied carbon, energy | streamline operations. utilisation, operational 
consumption and effi- efficiency, employee 
ciency, biodiversity. Well-being, sustainable 

performance. 

Value Developing algorithms, Developing lighting Developing sensor sys- 

creation front and back end by a panels, sensor systems, tems, software, platform, 
team of architects and big data system and and dashboards apps for 
coders. analytics, and user apps. | different optimisation 
Customisation of Maintenance of lighting | targets. 
backend to customers’ system. 
needs. 

Value Payments for licence for | Payment for products of | Payment per package 

capture app lighting system and 

services 
Company Start-up Multi-national Scale-up 
type 


Lighting 2022). As a result, increased user comfort is achieved and combined with a 
significant energy reduction for lighting. For example, energy usage decreased by 
70% in the office building The Edge Amsterdam (Philips Lighting 2022). The 
control application provides building managers with real-time data on operations 
and activities to optimise operational efficiency and provides users with the possi- 
bility of adjusting the lighting. The main enabling capabilities of Philips Lighting’s 
business model for narrowing resource loops are tracking, monitoring, control, and 
optimisation. Value is created by developing lighting panels, sensors, and a software 
system to monitor and control the lighting. Value is captured through the sale of the 
lighting system and services, while apps are offered free to users. 


250 J. Nussholz et al. 


EDGE Next is a Netherlands-based real estate developer that also operates a 
service provider platform based on digital twin, sensor-based solutions, and big data 
analytics. EDGE Next offers different service and technology packages for various 
optimisation purposes, such as improved space utilisation, operational efficiency, 
and indoor comfort (EDGE Next 2022a). EDGE Next’s business model’s main 
enabling capabilities for narrowing resource loops are tracking, monitoring, control, 
and optimisation. For the Swedish power company Vattenfall, EDGE Next devel- 
oped a 22,000 m? office building in Berlin, using their technologies to achieve a 
significant reduction in energy use (EDGE Next 2022b). Value is created through the 
development of the sensor systems, platform applications, and user dashboards, with 
targeted customers being corporate real estate, portfolio managers, and human 
resources. Value is captured through continuous payments for different service 
packages. 


14.3.2 Digital Business Models for Slowing Resource Loops 


This section discusses the companies Madaster, Rehub, and Excess Material 
Exchange as examples of digital business models for slowing resource loops. 

The Netherlands-based Madaster operates as a digital platform offering a registry 
of all materials and products used in real estate and infrastructure. Madaster bases its 
registry on material passports developed for the objects. Amsterdam Metropolitan 
Area has, for instance, been involved in using Madasters’s material passport to 
stimulate the regional circular economy (Madaster 2022). The enabling capability 
of Madaster’s business model is information exchange. Value is created by linking 
the registry to material databases of partner companies to facilitate data entry and 
quality. Value is captured through offering a licence for use. 

Rehub is a Norwegian start-up offering a material bank platform that connects the 
supply and demand side for the reuse of construction materials (Rehub 2022). 
Rehub’s business model offers the enabling capabilities of optimisation and infor- 
mation exchange. The value proposition is about the database for reusable materials 
and warranties, environmental impact analyses, and assistance. Value is created 
through the development of the platform and data registry of the materials, and 
value is captured via subscription-based payments for access to the platform. 

Excess Material Exchange (EME) is a Dutch start-up operating as a digital 
marketplace platform focused on allowing clients to find new high-value reuse 
options for their end-of-use materials and products (Excess Materials Exchange 
2022). EME’s tools are, for instance, applied in the European carpet industry to 
ensure that recyclable carpet tiles are matched with the demand side. The carpet tiles 
are given a product identification to gather all product information and allow for 
recyclability (Excess Materials Exchange 2019). The business model’s enabling 
capabilities involve optimisation and information exchange. The company’s value 
proposition is about the offering of an online material matching platform focused on 
selling B2B. Value is created through developing the platform, and value is captured 
by selling subscriptions to access the platform. Examples are given in Table 14.2. 
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Table 14.2 Examples of business models for slowing resource loops enabled by digital 


technologies 
Excess material 
Company Madaster Rehub exchange 
Sector Buildings and infrastructure Construction Cross-industries 
materials 
Country The Netherlands Norway The Netherlands 
Business Material passport platform Material bank Marketplace platform 
model type | provider platform provider | provider 
Digital Digital platform, material passports | Digital platform | Digital platform, 
technologies blockchain, artificial 
intelligence 
Enabling Information exchange Optimisation, Optimisation, informa- 
capabilities information tion exchange 
exchange 
Value Registry of information on all Database for Online marketplace for 
proposition | materials and products in a build- | reusable material. | all excess material. 
ing project. Warranties on the | B2B sale by matching 
Circularity, embodied carbon, or material. the supply and demand 
toxicity assessment. Documenting across industries. 
Material passport for optimised CO, savings. 
end-of-use and end-of-life value 
management for construction 
materials and products. 
Value Acquiring partner companies to Development of | Development of 
creation facilitate data entry and data quality | digital platform platform 
Value Licence for use Subscription- Subscription-based 
capture based payment payment for platform 
for platform access 
access 
Company SME Start-up Start-up 
type 


14.3.3 Digital Business Models for Closing Resource Loops 


This section discusses the companies MetroPolder, Circularise, and Loopfront as 
examples of digital business models for closing resource loops. 
The Dutch company MetroPolder (2022a) offers a green roof with a rainwater 


storage system. Storage and discharge are controlled through a sensor-based soft- 
ware system allowing for controlled discharge of rainwater to prevent flooding and 
enable reuse, thereby preventing the use of drinking water. This system for control 
and optimisation helps close resource loops for rainwater. Through its biodiversity 
and cooling benefits, the green roof also fits the regenerate principle. In Amsterdam, 
MetroPolder’s water storage system is used on the roof park/garden Babylon 
providing a 1500 m° park with a water storing capacity of 50,000 1. Water is used 
for plant irrigation, for example, for the vegetable and fruit garden, enabling suitable 
irrigation levels (Metropolder 2022b). MetroPolder’s business model creates value 
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by developing a sensor and software system, green roof technology, an operating 
system, and a dashboard for users, e.g. facility managers. Value is captured through 
the sale of the water capture system technology and services such as construction and 
maintenance. 

The company Circularise, based in the Netherlands, offers a blockchain-enabled 
software platform to help companies track products and materials and allow infor- 
mation exchange to enable closing loops of materials (Circularise 2022a). Circular- 
ise partnered with the City of Amsterdam to increase traceability and transparency in 
their construction procurement process and gather data on environmental impact, 
enabling information sharing without risking sensitive data. Circularise also 
partnered with a concrete product company to help trace materials end-to-end 
throughout the supply chain, and that information can be shared without risking 
sensitive data (Circularise 2022b). Circularise’s business model creates value 
through the development of blockchain technology and the creation of data, product 
passports, and other certificates. Value is captured through selling services and 
payment for licences for software solutions. 

Loopfront is a Norwegian company that offers clients working across the built 
environment access to a reuse platform. The digital platform offers material pass- 
ports, a material bank, and a survey tool and assists in closing resource loops through 
its enabling capabilities of optimisation, tracking, monitoring, and control 
(Loopfront 2022). The value is created through the development of the digital 
platform and is captured through selling membership packages on four different 
levels (Starter, Basic, Standard, or Enterprise). Examples are given in Table 14.3. 


14.3.4 Digital Business Models for Regenerating 
Resource Loops 


This section discusses the companies WASP, Lo3Energy, and AUAR as examples 
of digital business models for regenerating resource loops. 

WASP is an Italian firm specialised in designing, developing, and selling 3D 
printers (WASP 2022a). The company has succeeded in 3D printing structures that 
are entirely developed using reusable and recyclable bio-based materials from local 
soil. Specialist software allows for two printing arms to be synchronised for the 
construction, which allows for avoiding collisions and ensuring simultaneous oper- 
ation. WASP recently created an installation for Dior in which they 3D printed two 
pop-up stores on Jumeirah beach in Dubai from all-natural materials (WASP 2022b). 
WASP’s business model creates value through the development of advanced 3D 
printers, whereas value is captured through the sale of 3D printers and 3D printing 
services. 

Lo3Energy is an American company that has developed a front-end blockchain- 
powered platform called Pando that enables suppliers and clean energy operators to 
support 24/7 load matching and offers intelligent incentives to drive renewable 
energy use (LO3Energy 2022). The Pando software solution has, for instance, 
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Table 14.3 Examples of business models for closing resource loops enabled by digital 


technologies 
Company MetroPolder Circularise Loopfront 
Sector Roofs and water management | Manufacturing and Platform developer 
recycling 
Country The Netherlands The Netherlands Norway 
Business Software system provider Software platform Digital platform and 
model type provider surveying tool 
Digital IoT Blockchain technology, | Digital platform 
technologies digital platform, material 
passports and databank 
Enabling Control and optimisation Tracking and informa- Tracking, monitor- 
capabilities tion exchange ing, control, 
optimisation 
Value Sensor-equipped roof system | Blockchain technology Survey tool. 
proposition | with rainwater storage, to trace products and Material cards. 
e.g. developers or facility materials and verify their | Marketplace. 
managers. origins. Material passports. 
Controlled discharge of water | Creation of product 
to prevent flooding and enable | passport and certificates. 
rainwater use. 
Biodiversity benefits and 
cooling effects. 
Value Developing sensor and soft- Developing software and | Developing and 
creation ware system, green roof tech- | platform solutions, piloting material 
nology, operating system and | including back end and | bank and material 
dashboard dashboards passport system 
Value Sale of roof systems and ser- | Sale of services and Sale of membership 
capture vices, e.g. planning, construc- | licences for software to access platform 
tion, maintenance solutions 
Company SME Start-up Pilot project 
type 


been installed in a shopping centre in New South Wales, Australia, where it will be 
used to optimise renewable energy production. The company’s business model’s 
main enabling capabilities are monitoring, optimisation, and information exchange, 
helping to regenerate resource loops. The business model is capturing value through 
developing a grid-edge accounting service platform that can match the production 
and consumption of clean energy at defined time intervals. The value is captured 
through payment by grid operators and energy utilities to promote their offers on 
the app. 

AUAR is a British start-up, which develops dwelling units through robotic 
manufacturing using bio-based materials with a zero-carbon life cycle (AUAR 
2022). It has been used in an installation at The Building Centre in London to 
show how it can act as a home, office, and co-working station solution (Design 
Boom 2020). AUAR’s business model’s enabling capabilities consist of optimisa- 
tion and design evolution. Value is created through the development of robotically 
assembled dwelling units, and value is captured through the payment for customised 
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Table 14.4 Examples of business models for regenerating resource loops enabled by digital 


technologies 
Company WASP Lo3Energy (Pando) AUAR 
Sector 3D printed construction Renewable energy Automated architecture 
Country Italy USA UK 
Business 3D printer manufacturer Web platform provider Automation developer 
model type for energy retail 
Digital 3D printer manufacturing | Blockchain technology Additive/robotic 
technologies manufacturing 
Enabling Optimisation, design Optimisation, monitor- Optimisation, design 
capabilities | evolution ing, information evolution 
exchange 
Value Optimising construction Software platform Modular dwelling units 
proposition | to be more time and allowing clients to fore- | with installation that can 
resource-efficient. cast the availability of be developed according 
Use of 100% bio-based cheap and clean energy. | to clients’ specific 
materials. needs. 
Zero-carbon life cycle. 
Value Development of 3D Development of grid- Development of roboti- 
creation printers or building con- edge accounting service | cally assembled and 
structions with 100% to match production and | customised dwelling 
bio-based materials for consumption of clean units 
reuse and recycling energy at specific time 
intervals 
Value Sale of 3D printers and 3D | Payment by grid opera- | Payment for dwelling 
capture printing services tors and energy utilities | units on demand 
to promote their offers on 
the app 
Company SME Start-up Start-up spinout 
type 


dwelling units on demand. The prices are dependent on the dwelling unit size and 
amounts of units needed. Examples are given in Table 14.4. 


14.4 Discussion and Conclusions 


This chapter has presented 12 cases of business models enabled by digital technol- 
ogies that help narrow, slow, close, and regenerate resource flows in the built 
environment. The analysed companies were active in various sectors within the 
built environment, such as smart buildings, interiors, building design, and construc- 
tion. Business models were found to use a variety of technologies, often pairing 
multiple technologies such as digital twins, digital platforms, IoT, and big data 
analytics. No emerging business models, however, were found based primarily on 
BIM and Geoinformation Systems (GIS) technologies. A reason could be that these 
types of software are available through licences of established companies, widely 
used, but in the case of GIS, also accessible open source. Both technologies however 
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have the potential to track stocks and locations of components and materials suitable 
for reuse and recycling (see Chap. 2 for industry use cases of GIS). 

Through developing and using digital technologies and thinking of resource 
efficiency and circularity in their business models, the analysed case companies 
make significant contributions to enabling circularity in the built environment through 
their offers. They capitalised on several enabling capabilities of digital technologies to 
realise circular resource flows. In particular, tracking, monitoring, control, optimisa- 
tion, and information exchange and optimisation were prominent examples of how 
digital technologies help enable different strategies for circularity. It should be noted 
that some of the presented cases explicitly define themselves or their services as 
circular (e.g. Circularise) while most of them do not (e.g. EDGE Next). 

Based on the overview of several case studies, various business model types were 
identified, summarising commonalities of companies’ offers. Types identified were 
3D printer manufacturer, platform provider (e.g. material registry, marketplace, 
service provision, retail), automation developer, product manufacturer, light as a 
service model, and analytics app developer. Specifically, service offers facilitated 
through platforms were common even though they had a lot of variation in terms of 
their use and offerings. For narrowing resource loops, business model types based on 
software for optimisation were the most common. For slowing and closing resource 
loops, business model types based on platforms were dominant. For regeneration, 
manufacturers or providers of automation and 3D printing machinery or services 
dominated. 

Many of the identified cases were in the Netherlands. The Netherlands has a 
progressive circular economy policy (Ministerie van Infrastructuur en Waterstaat 
2021) and ranks high in the Global Innovation Index (GI 2021), which might be an 
explanation for the proliferation of circular start-ups in this country. However, the 
fact that the authors of this chapter have better insights into the developments in the 
Dutch built environment and might have missed cases in other countries, for 
example, if company websites were not available in English or less emphasis was 
put on communication outside of the national market, might have contributed to the 
dominance of Dutch case studies. 

Most of the studied cases were start-ups. Some companies are already small to 
medium-sized enterprises, such as the digital twin and optimisation platform provider 
EDGE Next or the 3D printing company WASP. Many of the identified start-ups are 
daughter companies or spin-offs of incumbent multinationals (e.g. PolderRoof by 
Wavin, Rehub by Ramboll). Certainly, many digital technologies, such as parametric 
design, BIM, and GIS are also already used by incumbents. This study presented 
companies with circular business models enabled by digital technologies, offering 
their benefits to other actors in the sector. Future research is needed to investigate 
potential pitfalls and uncertainties associated with digital business models for enabling 
circularity in the built environment that might stem from a higher dependence on 
critical materials, data and technology, or environmental rebound effects. Despite 
these pitfalls, these developments in the uptake of digital technologies are critical as 
wide adoption is a prerequisite to capitalise on the improvement potential of digital 
technologies for circularity and other sustainability benefits (IRC 2019). 
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14.5 Key Takeaways 


e Considering the disruptive power of digital technologies, rethinking business 
models in the construction sector for the circular economy is vital for companies 
to manage risks and capture opportunities. 

e Companies considering resource efficiency and circularity in their business 
models and developing offers based on digital technologies can make significant 
contributions to enable circularity in the built environment. 

e Emerging business model examples for the circular economy include 3D printer 
manufacturers, platform providers (e.g. material registry, marketplace, service 
provision, retail), automation developers, product manufacturers, light as a ser- 
vice models, and analytics app developers. 

e Different business model types (e.g. digital marketplaces, platforms, etc.) are 
suitable for enabling different circular principles (i.e. narrowing, slowing, clos- 
ing, and regenerating resource loops). 
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Chapter 15 A) 
Digital Transformation of the Built Me 
Environment Towards a Regenerative 

Future 


Catherine De Wolf and Nancy Bocken 


Abstract The concept of regeneration and its application in the built environment 
is crucial when considering how digital technologies contribute to the transition 
towards a circular economy. Regeneration in the built environment fosters 
economic, social, and environmental prosperity for all stakeholders involved, 
through coevolution, adaptation, knowledge and skill exchange, diversity of eco- 
systems, harmonisation, and reconciliation. These advantages extend to building 
users and owners, businesses, local governments, the environment, and the commu- 
nity as a whole. The regenerative design, construction, and maintenance of buildings 
and infrastructure enhances the economic, social, and environmental aspects of a 
region. This chapter discusses examples and business models that showcase the 
implementation of regenerative practices in the built environment and examines how 
the digital technologies discussed in the book can contribute to regeneration. 


Keywords Regeneration - Resilience - Regenerative business models - 
Regenerative design 


15.1 The Relevance of Regeneration 


The concept of regeneration has gained significant attention in recent years as a 
powerful approach to creating thriving socio-ecological systems (Konietzko et al. 
2023). By embracing regenerative principles, we can effectively tackle global 
environmental challenges through minimising harm, restoring and revitalising eco- 
systems, and achieving a net positive impact (Morseletto 2022). Regeneration as a 


C. De Wolf (È<) 

Circular Engineering for Architecture, Institute of Construction & Infrastructure Management, 
Department of Civil, Environmental and Geomatic Engineering, ETH Zurich, 

Zurich, Switzerland 

e-mail: dewolf@ibi.baug.ethz.ch 


N. Bocken 
Maastricht Sustainability Institute, School of Business and Economics, Maastricht University, 
Maastricht, The Netherlands 


© The Author(s) 2024 259 
C. De Wolf et al. (eds.), A Circular Built Environment in the Digital Age, Circular 
Economy and Sustainability, https://doi.org/10.1007/978-3-03 1-39675-5_15 


260 C. De Wolf and N. Bocken 


concept goes beyond narrow interpretations of sustainability and resilience. While 
sustainability usually focuses on meeting present needs without compromising the 
future (Brundtland 1987), and resilience aims to withstand and recover from distur- 
bances (Sayer et al. 2013; Standish et al. 2014; Capdevila et al. 2021; Wyss et al. 
2022), regeneration as an approach seeks to have a continuous net positive impact on 
the environment, health, society, and the economy (Polman and Winston 2021; 
Hahn and Tampe 2021). While a narrow interpretation of sustainability may concern 
the mitigation of negative impacts (‘less bad’), regeneration endeavours to go 
beyond that (Reed 2007) by actively reversing past damage through renewal, 
nurturing the ecosystem, and enhancing well-being (‘more good’). Regenerative 
approaches recognise humans as active participants in the broader ecosystem, 
transforming the concept of sustainability into a more comprehensive and impactful 
paradigm that emphasises holistic engagement and collaboration (Mang et al. 2016). 

Inclusive definitions of the circular economy go beyond the efficient use of 
resources to also include the active improvement of the natural environment (Ellen 
McArthur Foundation 2013; Konietzko et al. 2020; Bocken and Geradts 2022). 
Regeneration has been identified as a key strategy of the circular economy by the 
editors of this book (Cetin et al. 2021). While other circular economy strategies 
typically involve minimising waste and closing material loops, regeneration adds an 
extra layer of value by actively restoring and revitalising ecosystems, enhancing 
biodiversity, and promoting the well-being of both the environment and communi- 
ties. This is necessary to prevent further environmental damage, already evident in 
the significant decline in biodiversity (Almond et al. 2022; Naeem et al. 2022) and 
the effects of climate change, such as extreme weather patterns and the melting of ice 
caps (IPCC 2022). 

Regeneration goes beyond environmental considerations as it offers comprehen- 
sive and interconnected design and construction practices that empower us to 
generate societal and economic benefits. Through recognising the interdependencies 
among domains such as finance, agriculture, design, ecology, economy, sustainabil- 
ity, and broader societal issues (Wahl 2016), we have the opportunity to be inspired 
by nature and harness its self-healing and self-organising abilities to foster symbiotic 
relationships with natural ecosystems (Mang and Reed 2012). 

In the built environment, examples of regenerative approaches include buildings 
as carbon sinks, self-repairing or pollution-cleaning envelopes, green facades and 
roofs, the use of regenerative materials, and building approaches that support 
biodiversity and renewable energy generation (Konietzko et al. 2023; Churkina 
et al. 2020). At the 18th International Architecture Exhibition (Venice Biennale), 
for example, the Belgian “In Vivo’ pavilion showcased an innovative application of 
mycelium as a regenerative building material, defining regeneration as the ‘process 
of reversing programmed obsolescence’ (Fakharany 2023) (Fig. 15.1). 

Regeneration in the built environment, however, is not limited to biological and 
ecological approaches. It must also actively improve both the natural environment 
and human activities, recognising the collaborative role of humans in the ecosystem 
and applying it at various scales (Attia 2018). To integrate environmental restora- 
tion, social development, economic revitalisation, and urban transformation into the 
built environment, we need to address social inequalities, stimulate green economic 
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Fig. 15.1 The In Vivo Pavilion at the 18th International Architecture Exhibition in Venice. 
Mycelium, used as a regenerative building material, is kept alive so that the walls can self-repair 


growth (Terzi 2022), and build inclusive cities in which people can co-evolve (Mang 
et al. 2016). Regenerative design fosters symbiosis between human activities and the 
natural environment, promoting ecological balance and resilience in order to create a 
harmonious future in which humans and nature thrive together (Watson 2019). 

While models for nature regeneration have long been discussed, the consideration 
of regeneration as a tenable model for adoption by business and policymakers is 
much more recent. Konietzko et al. (2023: 1) have proposed a comprehensive 
definition and framework for regenerative business models to enable organisations 
to focus on planetary health and societal well-being. They suggest that businesses 
‘create and deliver value at multiple stakeholder levels—including nature, societies, 
customers, suppliers and partners, shareholders and investors, and employees— 
through activities promoting regenerative leadership, co-creative partnerships with 
nature, and justice and fairness’. By doing so, businesses can aim for a net positive 
impact. 

Although regeneration may currently seem distant from being a mainstream 
business practice, investing in regenerative innovations holds the potential to 
enhance resource security, lower costs, and gain a competitive advantage in the 
long run. However, achieving equitable and resilient systems requires collaboration 
across diverse fields (Bocken and Geradts 2022; Polman and Winston 2021). By 
forming partnerships and leveraging collective knowledge, we can enhance positive 
feedback loops to put into action principles of repair, renewal, flexibility, adaptabil- 
ity, harmonisation, reconciliation, and resilience within self-organising local sys- 
tems. To effectively tackle uncertain challenges, it is crucial to embrace complexity, 
employ new tools, and consider context-specific interventions. Adopting a 
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regenerative approach can help us address these complex problems. Such an 
approach has the potential to both facilitate adaptation to climate change 
(e.g. through the cooling effects of green roofs) and serve as a means of mitigating 
and repairing environmental damage (e.g. through emissions-capturing facade mate- 
rials or natural habitat-improving design). 

Designing buildings in a regenerative manner is crucial not only for the welfare of 
the natural environment but also for human health (Coady 2020). Climate change- 
induced heat waves, storms, air pollution, and contamination directly affect human 
well-being. Incorporating nature-inspired elements and strategies into building 
design, such as natural landscapes, natural ventilation systems, and regenerative 
materials, can improve air quality, reduce pollution, and mitigate the urban heat 
island effect. These design approaches create healthier indoor and outdoor environ- 
ments, ultimately enhancing the overall well-being of occupants. By prioritising 
symbiotic (i.e. mutually beneficial) relationships with nature, buildings can protect 
and enhance human health while fostering a regenerative future where both the 
environment and humanity can thrive. 


15.2 Examples of Regeneration in the Built Environment 


Several strategies can be implemented to embody the principle of regeneration in the 
circular built environment. These include stimulating human—nature co-habitation 
and local biodiversity through the creation of shared spaces. By adopting these 
strategies, the circular built environment can embrace regeneration as a core princi- 
ple. Many examples of regenerative architecture already exist at the material, 
product, building, neighbourhood, and community scale. 

Regenerative approaches at the material scale involve not only using sustainable 
and renewable materials in construction and infrastructure projects, but also devel- 
oping self-repairing or environment-improving materials. The concrete of the Pan- 
theon in Rome provides inspiration for developing materials that can heal 
themselves: its ‘lime clasts’ create mineral deposits, which give the concrete self- 
healing properties (Seymour et al. 2023). Regenerative materials should use healthy 
(non-hazardous) and renewable (e.g. bio-based materials) resources, such as the 
mycelium used for the Venice Biennale in 2023 (Heisel 2017; Bitting et al. 2022). 

Regenerative strategies at the product scale focus on designing and creating 
products that use or generate renewable materials, turn waste into resources, and 
enhance the natural habitat for plants and animals. Green roofs, also referred to as 
living roofs or vegetated roofs, are examples of regenerative building products. Their 
vegetation improves air and water quality, reduces the urban heat island effect, 
minimises stormwater runoff, improves energy efficiency by providing insulation, 
and enhances aesthetics (Wang et al. 2022; Calheiros et al. 2022). Vertical gardens, 
green facades, and urban farming have similar regenerative benefits (Rodrigues do 
Amaral 2020). One example is building materials that capture greenhouse gas 
emissions from the air (Dring and Schwaag 2021). Through the conversion of 
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wood waste into biochar, a negative emissions technology, CO, stored by trees 
remains permanently locked in a stable form. Such materials replace environmen- 
tally harmful substances in a true end-of-life solution, as materials can safely return 
to the earth or be transformed into biochar after decades of use. Finally, facades and 
roofs can also be products that generate and store renewable energy locally in 
communities (e.g. through solar power). In fostering sustainable and equitable 
access to clean energy, these products empower communities and contribute to the 
restoration, self-sufficiency, and well-being of both the natural environment and its 
inhabitants. 

Regenerative practices at the building scale aim to create structures that actively 
contribute to environmental enhancement and improve the quality of life of the 
occupants, for example, through on-site renewable energy generation, water conser- 
vation and treatment, natural lighting, and ventilation. Vernacular architecture often 
incorporates passive systems that achieve regeneration goals, while integrating 
digital technologies has the potential to further enhance outcomes, if done well. 
While achieving a completely regenerative building is challenging, there are notable 
instances in which buildings have incorporated regenerative systems, such as inte- 
grating on-site renewable energy generation, using smart sensors to adjust lighting 
and climate based on occupancy, harvesting rainwater, and generally setting new 
standards for environmental responsibility in terms of design and operation. One 
example of such a building is The Edge in Amsterdam (Wakefield 2016; Jalia et al. 
2022). 

Regenerative approaches at the neighbourhood scale enhance social equity, 
resilience, and environmental well-being through natural landscape design, 
walkability, public transportation, and regenerative infrastructure. Regeneration 
involves holistic urban planning through the integration of interconnected systems 
and regenerative principles into governance. Regenerative cities prioritise inclusiv- 
ity, environmental restoration, and economic prosperity for all residents. For exam- 
ple, Singapore’s Garden City vision emphasises biodiversity, air quality, and water 
quality; Copenhagen’s infrastructure vision incorporates wind energy generation, 
walkability, cyclability, and inclusive public spaces; and Medellin’s ‘Corredores 
Verdes’ (Green Corridors) and electric transportation vision fosters biodiversity, 
inclusivity, emissions sequestration, and air pollution reduction (Newman 2014; 
Reflow 2022; Zingoni dec Baro 2022; Copenhagen City 2014; Future of Cities 
2023). 

Other regenerative strategies consider the natural environment at the community 
scale. Improving outdoor spaces can transform misused or unused areas into public 
spaces that benefit local communities. Cleaning wastewater through regenerative 
design strategies, for example, promotes the restoration and enhancement of eco- 
systems and the preservation of water resources. The East Kolkata Wetlands exem- 
plify the regenerative design strategy of sewage management by integrating 
indigenous practices of aquaculture (Watson 2019). By channelling sewage through 
a network of interconnected ponds, these wetlands utilise the natural purification 
capacity of aquatic plants and microorganisms to clean the water, while simulta- 
neously providing a fertile habitat for fish farming (Saha 2019). Other wastewater 
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Fig. 15.2 Examples of regenerative strategies for the built environment, connected to the shearing 
layers of Brand, clockwise starting from the upper left: (a) mycelium as interior finishes as shown in 
the 2023 Venice Biennale’s Belgian pavilion, (b) urban farming systems (© BIGH), (c) mycelium 
equipment such as lamps (© PermaFungi), (d) solar and green roofs (© Biosolar Roofs), 
(e) aquaculture (© Anku), and (f) living root bridges (© Arshiya Urveeja Bose) 


treatment technologies employ a series of tanks that support vegetation and diverse 
organisms. These innovative systems mimic natural wetland processes to effectively 
treat wastewater, fostering ecological regeneration and promoting sustainable water 
management practices (Watson 2019). 

In the context of a regenerative built environment, Fig. 15.2. establishes a 
connection between the above-mentioned examples and the layers of change. 
Inspired by the concept of shearing layers, introduced by architect Frank Duffy 
and further elaborated by Stewart Brand (Brand 1995), a regenerative built environ- 
ment is understood to be composed of multiple layers that can be dynamically 
transformed and adapted over time to enhance their environmental, social, and 
economic performance. The concept of shearing layers can be applied to the various 
components and systems of regenerative buildings, emphasising the importance of 
considering different rates of change and adaptability in their design and operation. 

Reinstating the symbiotic coexistence between nature and the man-made world 
involves dissolving the boundaries that separate the two realms (Sayer et al. 2013; 
Watson 2019; Wyss et al. 2022). Throughout history, ancient buildings have 
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harmoniously responded to climate, ecology, culture, and location (Wahl 2016). 
Such structures use natural methods of heating, cooling, ventilation, and construc- 
tion that have stood the test of time. These buildings became an expression of their 
communities, reflecting their unique surroundings. However, by contrast, modern 
architecture often neglects this vital relationship with the environment, resulting in a 
cookie-cutter approach that disregards local context. Rather than reverting to the 
lifestyle of our ancestors, we can embrace systems thinking to enhance traditional 
practices by integrating digital technologies in the construction industry, thereby 
improving efficiency, streamlining processes, and optimising outcomes for better 
project management and delivery (Binder 2007; Wyss et al. 2022). 

Smart and sustainable city technologies strengthen a symbiotic relationship with 
the local environment and community while scaling up circular economy principles 
(Allam and Takun 2022; Hota et al. 2023). Net positive buildings equipped with 
advanced technologies can share surplus resources like energy, water, and food with 
their surroundings. Smart grid technologies enable ‘prosumers’ to trade surplus 
energy within their neighbourhoods, promoting a localised and sustainable energy 
ecosystem. Smart contracts, along with digital platforms like Pando, facilitate the 
purchase and receipt of local renewable energy within communities (Kirli et al. 
2022). Smart cities can enable the efficient scaling up of regenerative architectural 
practices by leveraging digital technologies like smart grids, the Internet of Things 
(IoT), artificial intelligence (AI), and blockchain technology (Gligoric et al. 2019; 
Bugaj et al. 2022). 


15.3 Digital Technologies Towards a Regenerative Built 
Environment 


The wide array of digital technologies explored in this book has the potential to 
significantly contribute to a regenerative future for the built environment. Technol- 
ogies that offer opportunities for stakeholders to collaborate in bringing about a more 
environmentally conscious and regenerative future include building information 
modelling (BIM), digital twinning, geographic information systems (GIS), smart 
cities, the Internet of Things (loT), reality capture and scanning technologies, 
artificial intelligence (AI), data templates and material passports, computational 
design tools, digital fabrication, extended reality (XR), and blockchain, among 
others. 

BIM and digital twins (see Chap. 1) contribute to regenerative architecture by 
providing a collaborative platform for stakeholders to optimise sustainable designs. 
By integrating data on materials, energy consumption, and life cycle analysis, BIM 
enables real-time monitoring, predictive maintenance, and resource optimisation. 
Digital twinning enhances this by accommodating past and present states of the 
building, providing temporal insights for informed decision-making. Together, BIM 
and digital twins support a data-driven and holistic approach to creating buildings 
that contribute to a regenerative future for the built environment. 
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GIS (see Chap. 2) supports the development of regenerative cities and regions by 
analysing spatial data to optimise resource flows and to conduct infrastructure planning 
for regenerating natural areas. By mapping and visualising natural resources, waste 
streams, material flows, and transportation networks, GIS enables policymakers and 
urban planners to locate recycling centres, optimise waste collection routes, design 
decentralised renewable energy systems, and predict patterns for building materials’ 
reuse and regeneration (Raghu et al. 2022). GIS may play a crucial role in understanding 
global riverbed drying, aiding in the development of improved water management 
strategies (Yao et al. 2023). GIS can support the implementation of regenerative practices 
for safeguarding and restoring watersheds in an increasingly urbanised built environment 
(Cotler et al. 2022). Smart cities can play a crucial role in shaping a regenerative future by 
leveraging intelligent infrastructure, such as smart grids, efficient transportation systems, 
and smart buildings. Additionally, the implementation of IoT sensors and data analytics 
enables real-time monitoring and analysis of various parameters, facilitating informed 
decision-making for resource management and urban planning. By fostering citizen 
engagement and participation through digital platforms, smart cities can empower 
individuals to actively contribute to regenerative practices and promote a sense of 
community ownership. 

Reality capture and scan-to-BIM technologies (see Chap. 3) allow for the 
cataloguing of existing buildings and construction sites, including their materials 
and components. By creating accurate digital representations of physical assets, 
these technologies enable effective inventory management, as well as the monitoring 
and tracking of regenerative materials. Reality capture technologies also enable the 
precise documentation and preservation of historic structures. LIDAR scanning, for 
instance, can create highly detailed 3D models of heritage buildings, capturing 
intricate architectural details. This data can aid in the restoration process, ensuring 
the accurate replication of original features and materials while supporting sustain- 
able preservation practices. Moreover, facility managers can use reality capture and 
scan-to-BIM to track maintenance needs and simulate scenarios to optimise building 
performance. This helps identify opportunities for energy savings, predictive main- 
tenance, and resource allocation. 

AI algorithms (see Chap. 4) can analyse vast amounts of data related to material 
properties, market demand, and life cycle analysis to predict the potential for reuse, 
recycling, and regeneration in the built environment (Raghu et al. 2022). By 
identifying patterns and trends, AI enables stakeholders to make informed decisions 
regarding material selection, design for disassembly, and end-of-life strategies. 
Al-powered systems can also optimise supply chains and enhance circularity by 
matching supply with demand, thus facilitating the exchange of reusable and 
regenerative materials and products. AI can play a significant role in creating 
matchmaking algorithms that facilitate regenerative architecture and infrastructure. 
By analysing enormous quantities of information regarding project requirements, 
resources, and stakeholders, AI can identify potential synergies and connections that 
align with regenerative principles. For example, AI can analyse geographical data — 
such as climate conditions, available resources, and local regulations — to tailor 
specific regenerative design strategies — such as integrating renewable energy 
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systems, optimising water management techniques, or promoting biodiversity — to 
the unique characteristics of a location. AI can leverage its data-processing capabil- 
ities to facilitate collaboration and knowledge sharing among stakeholders. By 
creating platforms or algorithms that connect architects, engineers, developers, 
material suppliers, governments, and communities, AI can foster an exchange of 
ideas, best practices, and innovative solutions that drive regenerative design. 

Data templates and material passports (see Chap. 5) provide standardised formats 
for capturing and sharing information about building materials, their composition, 
and their performance characteristics. By enabling the transparent exchange of 
information, they promote the reuse, recycling, and responsible sourcing of mate- 
rials. Through the implementation of material passports, the regenerative potential 
of a building can be maximised, as materials can be tracked, maintained, and 
repurposed. Material passports can facilitate the exchange of information and thus 
the promotion of regenerative materials and practices. Material passports play a 
crucial role in maintenance and renovation by providing information about the 
specific materials and components used in a building. This simplifies the process 
of finding suitable replacements or performing repairs when needed. Material 
passports ensure that the building’s regenerative qualities are preserved over time, 
promoting long-term sustainability and minimising unnecessary waste. Material 
passports for regenerative materials should capture not only the initial state and 
properties of the material but also its regenerative capabilities. This includes infor- 
mation on how the material grows and responds to damage as well as its ability to 
self-repair or regenerate over time. The material passport should include details 
about monitoring and tracking the growth of regenerative materials over their 
lifespan. Since regenerative materials may require specific maintenance or nurturing 
to support their growth and regeneration, material passports should also provide 
guidelines for proper care and maintenance. This can include information on optimal 
environmental conditions, moisture levels, and any necessary interventions to sup- 
port the regenerative capabilities of the material. 

Computational tools (see Chap. 6), such as parametric design software and 
generative algorithms, empower architects and designers to optimise building 
designs for circularity and, in particular, regeneration. These tools enable the 
exploration of various design options, considering factors such as material effi- 
ciency, adaptability, and end-of-life scenarios. By integrating circular design and 
regenerative design principles from the early stages of a project, computational tools 
facilitate the creation of buildings that are easily disassembled, have low embodied 
carbon, and can accommodate future adaptations and regeneration. For more infor- 
mation regarding digital tools towards regenerative design, readers are referred to the 
extensive discussions by the Rethink Sustainability Towards a Regenerative Econ- 
omy or RESTORE group (Naboni et al. 2019). In the book Regenerative Design 
in Digital Practice, the authors delve into the application of regenerative design 
principles to buildings and cities, showcasing digital computational design 
approaches and emphasising the importance of integrating science, big data, and 
multidisciplinary digital tools into the design process in order to reverse the effects of 
climate change and enhance the built environment. 
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Additive manufacturing, or 3D printing (see Chap. 7), offers opportunities to 
produce customised building components on demand while eliminating material 
waste. The 3D-printed materials can be recycled or bio-based. For example, tailored 
fibre placement (TFP) and coreless filament winding (CFW) techniques enable the 
creation of lightweight architectural solutions using natural fibre-reinforced poly- 
mers (NFRP), integrating moulds and frames as active structural elements and 
leveraging regenerative materials in innovative digital approaches Cutajar et al. 
2020). 

Robotics (see Chaps. 8 and 9) serve as transformative digital technologies for 
creating a regenerative built environment as they enable precision, efficiency, waste 
minimisation, resource use optimisation, customisation, flexibility, and adaptability 
to unique designs. Robotic systems facilitate scalability and replicability, promoting 
the widespread adoption of unique regenerative strategies. Robotic fabrication 
excels in handling complex geometries, enabling the realisation of intricate regen- 
erative designs with regenerative materials. In urban farming, robotics enables a 
symbiotic coexistence of humans, plants, and robots in cities, integrating robotic 
agents with edible plants to enhance the urban environment by generating fresh food, 
improving the microclimate, and promoting local biodiversity (laaC Robotic Urban 
Farmers 2022). 

Extended reality (XR) (see Chap. 10) serves as a valuable digital technology for 
creating a regenerative built environment through the integration of regenerative 
materials and design strategies. XR technologies, including virtual reality (VR) and 
augmented reality (AR), offer immersive and interactive experiences that enable 
stakeholders to visualise and experience regenerative designs before they are 
constructed. This enhances design collaboration, facilitates informed decision- 
making, harmonisation, and reconciliation within a community, and reduces the 
risk of costly errors. XR can simulate the performance and behaviour of regenerative 
materials, allowing designers to assess their impact on energy efficiency, environ- 
mental sustainability, and occupant well-being. By providing a virtual testing 
ground, XR enables iterative design processes and the exploration of innovative 
regenerative solutions. Combining this with strategy gaming can enable an inclusive 
community decision-making process for a regenerative future. Indeed, XR can 
enhance user engagement and education, fostering a deeper understanding and 
appreciation of regenerative principles and practices, ultimately supporting the 
transition towards a regenerative built environment. 

Blockchain technology (see Chap. 12) can help create a regenerative built 
environment by facilitating scalable socio-economic-ecological interactions along 
three lines of inquiry: rethinking data governance, reassessing stakeholder roles 
and responsibilities, and developing a new approach to the governance of value 
and ownership (Wang et al. 2023). Blockchain technology can enable secure and 
transparent data collection, distribution, maintenance, and evaluation in alignment 
with regenerative principles. To reassess stakeholder roles and responsibilities, 
blockchain technology can provide a decentralised platform for collaboration and 
decision-making among diverse stakeholders. Additionally, this technology can 
facilitate the governance of value and ownership of non-human entities such as 
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buildings and nature, enabling a harmonious coexistence. Overall, the blockchain 
has the potential to transform governance structures in the built environment by 
uniting social, economic, and technological aspects to achieve effective regenerative 
development. 

The adoption and effective use of the various digital technologies discussed 
above can contribute to a regenerative built environment. While incorporating all 
the digital technologies discussed can contribute to advancing regeneration in the 
built environment, it is not necessarily mandatory to use all of them simultaneously. 
The adoption and effective use of any combination of these technologies, depending 
on the specific needs and goals, can still bring significant benefits and help advance 
regenerative practices. The key is to identify the most relevant and impactful 
technologies that align with the objectives of the project or initiative at hand on a 
case-by-case basis — as is often leading to better design and construction in the built 
environment. These technologies enable collaboration, optimisation, real-time mon- 
itoring, and new methods of design and fabrication, supporting the integration of 
regenerative principles throughout the life cycle of buildings and infrastructure. It is 
important to note that the extent to which these digital technologies contribute to a 
regenerative future depends on how they are implemented and used. While they 
have the potential to assist in regeneration, their effectiveness relies on thoughtful 
application and strategic use. Strategic use of digital technologies for regeneration 
involves thoughtful application based on a needs assessment, careful technology 
selection, trade-offs assessment, integration planning, stakeholder engagement, and 
monitoring. A regenerative approach maximises effectiveness, aligns with project 
objectives, optimises resource allocation, and mitigates risks, ultimately driving 
positive and measurable change in the built environment. By purposefully leverag- 
ing the power of digital technologies in a calculated manner, we have the potential 
to create a built environment that actively restores ecosystems, fosters well-being 
for all, promotes biodiversity, enhances social equity and inclusive collaboration, 
improves community resilience, and cultivates circular building practices more 
generally. 


15.4 Business Models for a Regenerative Built Environment 


Organisations that embrace regenerative business models place a dominant emphasis 
on the health of the planet and the welfare of society, aiming to create value for 
multiple stakeholders, including the natural environment and society (Stubbs and 
Cocklin 2008; Mufioz and Branzei 2021). Regenerative business models share 
design principles with sustainable and circular models but diverge in their objectives 
by emphasising planetary health and societal well-being above profit-making and by 
recognising the dependency of business and society on nature (Konietzko et al. 
2023). Successfully implementing regenerative business models necessitates robust 
policy frameworks that recognise the rights of animals and nature and incorporate 
true pricing (Fullerton 2015). 
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Regenerative business models have the potential to revolutionise the built envi- 
ronment by creating and delivering value across multiple stakeholder levels. These 
models emphasise regenerative leadership and co-creative partnerships with nature, 
as well as justice and fairness (Konietzko et al. 2023). In this context, digital 
technologies play a crucial role in enabling and supporting regenerative business 
models. One key aspect of digital transformation is facilitating effective communi- 
cation and collaboration among stakeholders in the built environment. Digital 
platforms and tools can enhance transparency and information sharing, enabling 
stakeholders to work together towards regenerative goals. Digital technologies help 
create value that goes beyond individual organisations and benefits the entire 
ecosystem. Moreover, digital transformation enables the implementation of multi- 
capital accounting (Fullerton 2015), which allows organisations to capture and 
account for the various forms of capital involved in the built environment, including 
natural, social, and economic capital. By adopting a holistic approach to accounting, 
organisations can measure and optimise their impact across multiple dimensions, 
aiming for a net positive outcome (Hahn and Tampe 2021). 

However, to bring about a regenerative built environment, new governance 
approaches are needed. This entails rethinking data governance, ensuring the respon- 
sible collection, management, and utilisation of data to inform decision-making and 
drive positive change. Additionally, reassessing stakeholder roles and responsibili- 
ties is crucial to foster collaboration and ensure that all relevant parties are actively 
engaged in the regenerative process. Furthermore, the governance of value and 
ownership needs to be reimagined in alignment with regenerative principles. This 
involves exploring new mechanisms that enable the equitable distribution of benefits 
and promote sustainable ownership models. By leveraging digital technologies, such 
as blockchain, organisations can achieve transformative governance that integrates 
social, economic, and technological aspects to drive effective regenerative develop- 
ment. Digital technology could be used as a governance tool to facilitate scalable 
socio-economic-ecologic interactions, addressing the three lines of inquiry men- 
tioned earlier (Wang et al. 2023). By leveraging blockchain’s decentralised and 
transparent nature, stakeholders can collaborate, track, and verify sustainability 
initiatives and ensure accountability throughout the built environment ecosystem. 

Finally, we need ways of assessing the effects of new business models and building 
project designs. The Living Building Challenge label is an example of an international 
sustainable building certification programme setting higher standards in the realm of 
regenerative architecture. It certifies buildings that actively restore and regenerate the 
environment, promoting self-sufficiency, renewable materials, and healthy indoor 
spaces. Note that it is essential to recognise that true regenerative outcomes extend 
beyond a checklist approach due to the holistic nature of regeneration. 

In summary, business models for a regenerative built environment embrace 
digital transformation to create and deliver value at multiple stakeholder levels. 
Digital technologies enable effective communication, support multi-capital account- 
ing, contribute to the development of new governance approaches, and enable us to 
tackle complex challenges. More work is needed to truly incorporate intrinsic 
notions of value beyond financial capital and avoid misleading claims of 
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regeneration and net positive impact. Such claims can be misleading and create a 
perception of regeneration that may not align with the actual impact or practices 
employed. To avoid this, it is important for stakeholders, regulators, and consumers 
to exercise caution, conduct thorough assessments, and demand transparency and 
accountability in verifying the legitimacy of regeneration claims. Additionally, 
ongoing efforts are being made by organisations, industry associations, and certifi- 
cations to establish standards and frameworks that ensure the credibility and integ- 
rity of regeneration initiatives. 


15.5 Conclusion 


Regeneration goes beyond narrow interpretations of sustainability and resilience, 
offering a holistic approach to addressing socio-ecological systems. In recent years, 
there has been a growing recognition and adoption of regenerative practices in the 
built environment. Many projects are incorporating strategies that go beyond sus- 
tainability and aim to restore, rejuvenate, and enhance ecosystems and communities. 
These practices often involve holistic design approaches, renewable energy integra- 
tion, resource-efficient systems, circular economy principles, and community 
engagement. A regenerative built environment requires collaboration among experts 
from various fields and aims to create positive impacts on the environment, health, 
society, and the economy. Embracing complexity, uncertainties, and context- 
dependent interventions is essential for implementing effective regenerative prac- 
tices in the built environment. It is important to recognise the diverse perspectives 
and interpretations of regeneration in different fields and contexts, which allow for 
the development of comprehensive and inclusive solutions. 

The adoption of various digital technologies (including BIM, digital twins, GIS, 
reality capture, AI, data templates, material passports, computational tools, additive 
manufacturing, robotic fabrication and construction, XR, and blockchain) holds 
immense potential for enabling regeneration in the built environment. Regenerative 
business models take a holistic approach to circularity by prioritising net positive 
value creation and delivery across different stakeholder levels, including society and 
the natural environment. Digital technologies thus play a crucial role in supporting 
regenerative business models by facilitating communication, multi-capital account- 
ing, and new governance approaches. These technologies provide opportunities for 
collaboration, optimisation, visualisation, customisation, resource efficiency, circu- 
larity, and interdisciplinary integration. 

If used well and for these purposes, digital technologies can contribute to the 
creation of a built environment that embraces regenerative practices and design 
strategies. While regenerative practices are gaining momentum, there is still a need 
for widespread implementation and continued innovation to fully realise its potential 
in the built environment. The technologies discussed in this book should be put to 
use to upscale the regenerative potential of the built environment. 
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15.6 Key Takeaways 


e Regeneration offers a holistic approach to creating positive impacts in the built 
environment by combining collaboration, technology, and diverse expertise to 
foster a sustainable and thriving future. 

e Regenerative architecture and infrastructure actively create positive change by 
nurturing ecosystems and replenishing the environment, the economy, and soci- 
ety towards an inclusive built environment. 

e Digital technologies have the potential to revolutionise the built environment by 
enabling collaboration, optimisation, and customisation for a regenerative future. 

e Regenerative business models create value, foster collective leadership, and drive 
positive impact across all stakeholders. 
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Concluding Perspective 


Alessio Terzi 


Avoiding a climate catastrophe and environmental collapse will require decarbonising 
our economies by mid-century and an overall reduction in material resource use (Terzi 
2022). The challenge is immense for a variety of sectors, including energy production 
and manufacturing, but also the built environment, given buildings and construction 
contribute nearly 40% of overall global greenhouse gas emissions (Gates 2021; Byng 
2022). How should we go about it? Posed in another way, is modern technology the 
solution or ultimately part of the problem (Wainwright 2020)? 

To some, the herculean task of making humanity compatible with planetary 
boundaries takes the shape of a past-looking focus that is at high risk of slipping 
into a rejection of modernity (Pawlyn and Ichioka 2022). Innocuous acts at the 
individual level, such as favouring handicrafts or local town markets, do-it-yourself 
products or home gardening, are all part of a general trend of rejection of the 
standardisation that came with mechanisation and the Industrial Revolution 
(Westacott 2016). The label ‘traditional’, whether for agricultural techniques, food, 
medical practices or handicrafts, takes on a positive connotation, to be opposed to 
‘modern’. All of this builds on the implicit perception that life was better in the past, 
which is effectively the very negation of the concept of progress (Mokyr 2016). 

This attachment to the idea of an idyllic past, and the rejection of the belief in 
progress, perhaps should not surprise, as it is not without precedent. Throughout 
the Middle Ages and Renaissance, for instance, much of Europe looked back to the 
classical era of the Roman Empire and Ancient Greece as a golden age that 
could never be matched (Mokyr 2016). The environmentalist movement itself has 
a long tradition of escapism from modernity, which draws its roots in classics like 
Henry David Thoreau’s Walden (1854), the ‘back-to-the-land’ movement of the 
1960/70s, and in today’s manifestations such as eco-villages, which radical 
degrowth thinkers like Mattias Schmelzer, Tim Jackson or Jason Hickel have used 
as prime examples of how society should be reshaped to face the climate crisis 
(Hickel 2020; Jackson 2021; Schmelzer et al. 2022). In their view, society should 


A. Terzi 
Sciences Po, European Commission, HEC Paris, Paris, France 
e-mail: alessio.terzi@ sciencespo.fr 


© The Editor(s) (if applicable) and The Author(s) 2024 277 
C. De Wolf et al. (eds.), A Circular Built Environment in the Digital Age, Circular 
Economy and Sustainability, https://doi.org/10.1007/978-3-03 1-39675-5 


278 Concluding Perspective 


embrace a mental framework of scarcity, downscaling back to where humanity used 
to be before the Industrial Revolution, and do so in a voluntary manner. 

The very separation between an idyllic past and the unsustainable present, ancient 
practices, and modern technology has a vein of artificiality, which generally creates a 
temporal division between before and after the Industrial Revolution. When focusing 
on the built environment, modernity is often associated with the building blocks of 
our civilisation — brick, glass, concrete and steel (Dartnell 2015) — even though the 
reality is that these very materials were not new at all. The Industrial Revolution only 
combined them with improvements in energy production and mechanisation to make 
them cheaper, more widely available and therefore useful to serve purposes that were 
seen as desirable at the time. Sun-dried bricks were foundational to the very first 
cities of antiquity, such as the Sumerian capital Uruk, while kiln-burned bricks were 
used in ancient Mesopotamia, including in the construction of Ziggurats, the Roman 
Empire and Han China (Smil 2017). Lime mortars have been used for millennia, 
including in Ancient Egypt. The Romans mixed slaked lime with volcanic ash 
(pozzolana) in what they called ‘cementum’. When that was further mixed with 
crushed stones it created a form of concrete, which made it possible to build things 
like the Colosseum or the Pantheon: the largest single-piece dome in the world to this 
day. Glass, one of the first synthetic materials known to humanity, was invented in 
Mesopotamia in the third millennium BCE. Crucible steel itself was known to many 
preindustrial societies, although only in small amounts, making it very expensive 
and therefore available only for special purposes. Traditional East African steel- 
makers, for instance, used cone-shaped charcoal-fuelled slag and mud furnaces since 
the early centuries of the Common Era. In China during the Han dynasty, steel was 
obtained by removing carbon from cast iron through oxygenation and used for 
specific applications such as chains for suspension bridges. More broadly, steel 
was also used for ploughshares, body armour or sword and sabre blades at least 
since the third century CE (Feuerbach 2006). 

While we artificially create a boundary between before and after, ancient and 
modern, human history can be better described through a pattern of continuity (Galor 
2022). More broadly, the very development of know-how throughout human history 
has been based on experimentation, imitation of more successful practices, combi- 
nation with pre-existing local knowledge, and adaptation to local context (Henrich 
2016; Poskett 2022). While developing and spreading new technologies and inno- 
vations, ancient societies were generating value, expanding the realm of possibili- 
ties, and effectively growing the size of their economies. In other words, economic 
growth is not a recent phenomenon and did not start with the Industrial Revolution 
(Brooke 2014; Fouquet and Broadberry 2015). 

Which brings us back to our modern challenge of decarbonising and reducing the 
overall environmental impact of the built environment in the twenty-first century. As 
architects, engineers and designers work towards this societal goal, it is only natural 
to expect them do what humanity has done all along when developing innovation: 
address the challenge of the moment. As they do so, they will be laying the 
foundations of a new economy — one that attaches value to solutions that are 
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compatible with nature. In a nutshell, they will be contributing to a new growth 
model or green growth. 

Ancient techniques and know-how will represent a great starting point for 
thinking of low-energy, fossil-free solutions, but they should then be combined 
with the state-of-the-art scientific and technological know-how currently available. 
The interplay between tradition and innovation is one that needs to be carefully 
managed (Nunn 2022). This implies that the ancient Achaemenid know-how of 
wind-catching towers for passively cooling buildings in ancient Persia will not be 
replicated identically in the twenty-first century, but rather perhaps serve as inspira- 
tion to be then combined with sensors and artificial intelligence technology to 
optimise airflow inside buildings, as they are in Masdar City (UAE). If the tree 
bridges of the Khasis hill tribe of north-eastern India ever prove to be useful in the 
current context, they will perhaps be combined with the most advanced biotechnol- 
ogy techniques to accelerate plant growth and resistance. If raw-earth buildings ever 
experience a comeback, given their strong thermal inertia and limited impact in 
construction and demolition, their structure could be optimised using digital model- 
ling, and they might be 3D printed. 

Designer, activist, and academic Julia Watson remarks that in the face of climate 
change and environmental degradation a lot of the answers are already there and have 
been for generations (Watson 2020). Her movement — Lo-TEK (traditional ecological 
knowledge) — imagines that part of the knowledge of how to survive the future is 
already embedded in low-energy, often ancient practices, to be then combined with 
modern technology (Savak 2020). As Italian architect Mario Cucinella correctly 
concludes, reducing the use of non-renewable energy requires us to look to the past, 
not out of nostalgia but to rediscover and reinterpret the way things were done in light 
of contemporary challenges and technology (Cucinella 2022). 

It is through these lenses that the important role of digitalisation should be 
interpreted, meaning as one of the general-purpose technologies at the frontier of 
human know-how that will need to be leveraged when engaging in the unprece- 
dented planetary challenge ahead. Chapters in this book have illustrated practical 
examples of how this can play out in practice by using blockchain, building 
information modelling (BIM) or LiDAR scanning technology to improve the circu- 
larity of building materials. In the process, experimentation and exchange of knowl- 
edge will be crucial. The New European Bauhaus was launched by the European 
Commission in 2021 precisely with the objective of catalysing actors that are 
re-imagining a new lifestyle that matches sustainability with good design, that 
needs less carbon and that is inclusive and affordable (European Commission 2021). 

More broadly, governments around the world are developing an eclectic mix of 
policies to fast-track the green transition and promote a circular economy. These 
include but are not limited to the use of carbon pricing, which will need to be 
extended progressively to the whole economy, in line with the efforts of the recent 
‘Fit for 55’ package approved by the European co-legislators for ‘delivering the 
European Green Deal’ (Council of the EU 2023). These could even include pro- 
gressive bans on selected technologies that are harmful to the climate or environ- 
ment, such as internal combustion engine cars or possibly conventional aviation 
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fuels in the near future (Terzi 2023). Moreover, governments will need to lay the 
foundations for a green economy by leveraging public finances to roll out the 
infrastructure to accompany the transition, such as by providing charging points 
for electric vehicles. Their role as a large purchaser of goods and services in the 
economy enables them also to mandate that public sector buildings, for instance, 
respect certain standards of energy efficiency or circularity of materials. Finally, 
policies will need to be put in place to progressively embed so-called “extended 
producer responsibility’ in a variety of sectors, effectively making producers respon- 
sible for the disposal of their products. Concerning the built environment, this could 
very well extend to cement and steel, as already discussed in the European Com- 
mission’s Circular Economy Action Plan (European Commission 2020). More 
broadly, as a leader in regulation for a circular economy, the EU is adopting an 
ambitious set of policy measures that include the right to repair, ecolabelling for 
textiles, and aggressive curtailing of packaging. Furthermore, it envisions a revision 
of the Construction Product Regulation to create a harmonised framework to assess 
and communicate the environmental and climate performance of construction prod- 
ucts, including digital solutions such as a construction products database and a 
Digital Products Passport (European Commission 2022). 

Parts of modernity will need to give way because of their unsustainable nature, 
but innovation and technology are, and always have been, humanity’s greatest assets 
when facing its challenges. Achieving sustainability in the twenty-first century 
marks no exception. 


Disclaimer The views expressed here are those of the author and do not necessarily reflect those of 
the institution to which he is affiliated. 
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Conclusion 


This book arises from the urgent need to shift from a linear to a circular model in 
order to lower the construction sector’s greenhouse gas emissions, resource use, and 
waste generation. A circular economy approach in the construction sector can bring 
numerous benefits, ranging from environmental to economic and social advantages. 
By prioritising slowing, narrowing, closing, and regenerating the loops in buildings 
and infrastructure, we can reduce waste and environmental impacts while creating 
economic opportunities. Ultimately, the circular economy in the built environment can 
lead to the development of more sustainable and resilient communities while fostering 
innovation, creating jobs, and enhancing social value. We need to shift the construc- 
tion sector from a linear take-make-waste model to a circular economy narrow-slow- 
close-regenerate to be able to meet the building needs now and in the future. While 
pioneering circular building projects are promising, large-scale global implementation 
of circular economy principles in the built environment has not yet been achieved due 
to the fragmentation of stakeholders and risk aversion in the construction industry. 

Digital innovation can accelerate the transition to a circular economy by improv- 
ing efficiency, promoting collaboration, and creating new business models. Bridging 
the latest developments in the fields of digitalisation and circularity is crucial to 
address our global challenges of climate change and a growing population that needs 
more buildings. Digitalisation has the potential to address barriers to circular inno- 
vation by enabling coordination and risk assessment. Circular construction manage- 
ment balances the benefits of automation with the value of human skills and 
creativity towards Industry 5.0 creating a more sustainable, efficient, and people- 
centred construction industry. This book has shown how different disciplines — such 
as civil engineering, computer science, architecture, mechanical engineering, 
finance, and management — can come together to harness digital transformation in 
the service of a better, more circular built environment. By leveraging the twin 
transition of the digital and circular economy, we can transform our approach to 
building and managing resources and turn buildings into material depots and banks, 
thus reducing waste and creating a more sustainable future. 
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As we strive to create a circular built environment, we need to consider the 
potential rebound effects of digitalisation in terms of resource use. While digital 
technologies can enable more sustainable and efficient use of resources, they are also 
often energy intensive and require rare earth elements, which could offset the 
benefits of circular strategies. To address this challenge, we need to take a holistic 
approach that considers the entire life cycle of digital technologies, from raw 
material extraction to disposal. This involves assessing the environmental impacts 
of each stage and identifying opportunities to reduce resource use and waste. As in 
the built environment, we should prioritise the use of renewable, reusable, and 
recyclable materials and resources in the production of digital technologies and 
machines. We should also design digital technologies with circular principles in 
mind, such as modular design, which can facilitate repair and upgrade, extend the 
life of products, and reduce the need for new materials. Ultimately, taking the 
potential rebound effects of digitalisation into account is crucial for creating a 
truly circular built environment. By carefully considering the environmental impacts 
of digital technologies and adopting circular design principles, we can ensure that 
digitalisation contributes to a sustainable and regenerative future. 

This book provided a comprehensive overview of digital innovations that 
emerged in the past years and have the potential to enable a circular built environ- 
ment. Part I of the book explored the role of data by investigating how capabilities of 
data-driven digital technologies can help transition to a circular built environment. 
Building information modelling (BIM), geographical information systems (GIS), 
reality capture technologies, artificial intelligence (AI), data templates, and material 
passports are essential for data collection, integration, and analysis towards circular 
construction. The first three chapters discussed how BIM, GIS, scanning, and scan- 
to-BIM can be used to promote circularity in the built environment. BIM and digital 
twinning can provide comprehensive information necessary for circular construc- 
tion, while GIS can optimise the location of facilities for circular activities. Scanning 
and scan-to-BIM technologies can help digitise and identify circular opportunities, 
while AI can help predict the potential for building components to be reused in future 
projects. To upscale and promote circular building strategies, we need to create 
material passports and digital product passports, which require a standardised 
data infrastructure and stakeholder collaboration for effective development and 
implementation. 

Part II of the book introduced digital technologies for design and fabrication. 
Computational design algorithms, additive manufacturing, cooperative robotic fab- 
rication, on-site robotic construction, and extended reality were explored. These 
digital innovations can help optimise material use, facilitate material retrieval for 
reuse, and help predict how buildings might be used in practice. The chapters 
discussed the importance of circularity indicators and material passports as design 
parameters for reducing waste and promoting resource reuse. The use of additive 
manufacturing and cooperative robotic fabrication, which can generate less waste 
and require no formwork, was also explored. Robots can also be used for dis- and 
reassembly, as well as material sorting and separation, while extended reality 
technology can be used to simulate and visualise building designs and support 
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building maintenance, repair, and reuse. These tools and techniques can help reduce 
waste, minimise extraction, and promote the reuse, recycling, renewal, and regen- 
eration of resources in the construction industry, moving it towards a more circular 
model. 

Part III of the book provides insights into business models, supply chain man- 
agement strategies, and policies that can enable the transition to a more sustainable 
circular built environment, as well as novel strategies such as regeneration that are 
yet underexplored. Digital technology use cases for deconstruction and reverse 
logistics, blockchain technology, digital logbooks, and especially business model 
innovation were explored for accelerating the uptake of circular economy strategies 
in the built environment. By providing transparency and traceability, blockchain- 
based solutions can help manage waste, promote resource efficiency, and enable 
circular business models. While adoption is slowed down by challenges such as lack 
of expertise, interoperability, and regulatory issues, decentralised applications, 
tokens, and decentralised autonomous organisations offer new opportunities for 
blockchain in the circular built environment. Digital building logbooks provide 
reliable data for improving building design, construction, and management and 
have the potential to promote a circular economy by facilitating energy efficiency, 
lifespan extension, and tracking and tracing of material resources. Different types of 
business models are suitable for enabling different circular principles, and compa- 
nies can make significant contributions to the transition by considering resource 
efficiency in their business models. Finally, the digital age offers innovative oppor- 
tunities for regenerative strategies, which are crucial in the process of creating 
revitalised, resilient, and sustainable urban areas, buildings, and infrastructure. 

While we have provided a comprehensive starting point to explore a twin 
transition of digital and circular innovation for the built environment, this should 
only be seen as the start. New, yet unimagined possibilities will emerge from 
existing digital technologies, and digital technologies not yet known to us will 
provide new opportunities and challenges. It is clear, however, that if digital 
technologies are used strategically and with positive intent, they will provide an 
essential lever for change to fundamentally transform the way we build. 

Digital transformation offers a promising pathway to achieving a circular built 
environment by enabling transparency, traceability, and efficient resource use. 
Today, we are already witnessing the emergence of various digital tools and 
platforms that support circularity in the built environment, such as digital building 
logbooks, AI-based circular solutions, and digital twins. These technologies can help 
optimise resource use, reduce waste, and enable closed-loop systems. In the near 
future, we can expect to see the widespread adoption of digital tools and platforms 
that enable circularity in the built environment. For example, digital building 
logbooks could become a standard practice for tracking building-related data 
throughout the entire life cycle of a building. Blockchain-based solutions could be 
used to track and manage material resources and waste, facilitating a circular 
economy in the construction industry. While some technologies may just be a 
hype and others may still only exist at a conceptual level, we are already seeing 
practical applications and tangible benefits of the digital transformation in the built 
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environment. For example, digital tools have already been used to optimise building 
design and construction, reduce material waste, and improve energy efficiency. 
Despite challenges and limitations, we can expect to see continued progress and 
innovation in this field. As companies and policymakers recognise the benefits of 
circularity and digitalisation, we can anticipate a shift towards more sustainable and 
regenerative built environments. 

We hope this book will inspire new connections between different players in the 
supply chain. To this end, we included interdisciplinary examples where data-driven 
innovation is being used in the advancement of circular construction. We hope that 
these examples will help move circular projects out of niche spaces and into a world 
where the principles of a circular economy can be digitally upscaled in the construc- 
tion sector. Augmenting the skills of architecture, engineering, and construction 
(AEC) players with digital technologies has the potential to completely disrupt the 
way we design, build, and look at our buildings. Digital technologies, if used well, 
have the power to enable the AEC industry to shift towards a circular future. 
Exploring digital transformation can advance not only the building industry but 
also all other sectors that struggle with implementing digital innovation for circu- 
larity. 
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